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Faithful replication and accurate maintenance of an organism's genetic material is 
essential for survival. These actions are carried out by several proteins that interact with 
DNA either directly or indirectly via interaction with DNA binding proteins. In eukaryotes, 
one protein central to both of these processes is the single stranded DNA (ssDNA) binding 
protein Replication Protein A or RPA. This protein was first identified from human cell lines 
based on its requirement for in-vitro replication of DNA (1). Subsequent research over the 
past 15 years has unraveled the multifunctional nature of this protein (2). During replication, 
RPA acts to inhibit secondary DNA structures from forming (3). It also carries out protein- 
protein interactions with the polyrnerases as they replicate the genome. In eukaryotes, RPA is 
also believed to assist in the recognition and repair of damaged DNA (4). 
Structural features of RPA 
In all eukaryotes studied so far RPA is a heterotrimeric protein usually consisting of a 
70kDa large subunit (RPA1), a ~ 30kDa medium subunit (RPA2), and a ~ 14kDa small 
subunit (RPA3) (Figure 1.1). Structural components of RPA1 include a zinc finger motif 
located near the C-terminal end and three ssDNA binding domains or DBDs spread 
throughout the protein (5, 6) (Figure 1.2). These DBDs contain OB-folds or oligonucleotide 
binding folds. Interactions between RPA1 and the other two subunits are thought to be 
mediated through domains located at C-terminal end (5). The medium subunit, RPA2, also 
contains a DBD OB-fold and a protein interaction area (6). The main function of RPA2 is to 
serve as a linker between RPA 1 and other proteins (3, 7, 8, 9). In addition, other protein 
interaction domains are also present through out RPA2 (3, 8, 9, 10). These protein-protein 
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interactions are believed to be regulated by phosphorolation of the medium subunit (10, 11, 
12). These interaction domains are spread throughout RPA2 (3, 8, 9). Currently the 
biochemical role of RPA3 is unknown; however it does contain a putative DNA binding 
domain (Figure 1.2) and is required for viability in yeast (13). 
Figure 1.1 3D-Crystal structures of RPA subunits (from Bochkarev et al. 1999. The EMBO 
Journal Vol. 18, pp. 4498-4504) (44) 
RPA 1 







Protein Interaction Area 
DBD=DNA binding Domain 
Figure 1.2 Diagrammatic representation of the functional domains present in RPA subunits 
(6). 
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Molecular characteristics of RPA genes 
Genes encoding the RPA polypeptides have been characterized from a number of 
organisms ranging from S. cerevisiae to humans. For most organisms studied so far, the 
genes for RPA subunits are located on different chromosomes. In humans, the genes for the 
three RPA subunits have been mapped to chromosomes 17, 1, and 7 for RPA1, RPA2, and 
RPA3, respectively (14). The three RPA subunit genes are expressed in all tissues of 
multicellular eukaryotes, suggesting a role in maintaining genomic stability (15). 
Biological function of RPA 
RPA is named for the initial function assigned to the protein, based on its requirement 
for in-vitro replication of Simian virus 40 (SV40) DNA. By creating a novel SV40 
replication system linked to magnetic beads researchers were able to show a strong 
dependence on RPA of replication elongation (1, 16, 17). In addition, RPA is also known to 
be involved in DNA repair and recombination. The repair function of RPA is multifaceted 
encompassing the pathways of nucleotide excision repair (NER) and base excision repair 
(BER). 
Role of RPA in nucleotide excision repair 
Interaction of RPA with Xeroderma pigmentosum group A protein (XPA) in NER has 
been studied in detail (4, 7, 18, 19). These clearly show that XPA preferentially binds 
damaged DNA while complexed with RPA (4, 20). RPA is then believed to recruit nucleases 
to remove the damaged sections of DNA. Once the damaged DNA is removed, RPA acts as
an anchor for the replication machinery to fill in the gap (18). A model depicting the role of 
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Figure 1.3 Function of Replication Protein A in Nucleotide Excision repair pathway 
(Nickoloff and Hoekstra, 1998) (46). 
Role of RPA in base excision repair 
The function of RPA in BER is quite similar to that in NER (Figure 1.4). Recently 
the structure of the C-terminal end of RPA2 was determined in complex with an N-terminal 
peptide fragment of the Uracil-DNA glycosylase (21), a protein that preferentially finds 
damaged portions of DNA. Once the damage is found, the glycosylase removes the damaged 
base from the ribose sugar creating an apurinic (AP) site. RPA thereafter has a function 
similar to its role in NER when it recruits nucleases and other repair machinery. 
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Figure 1.4 Function of Replication Protein A in the Base Excision repair pathway (Nickoloff 
and Hoekstra, 1998) (46). 
The Role of RPA in recombination 
RPA plays an important role in DNA recombination. It has been shown to interact 
with members of the RAD52 epistasis group during double strand break repair (DSBR) 
(Figure 1.5) (22). Foremost among these is the eukaryotic ssDNA binding protein Rad51. 
This protein functions in the homologous recombination pathway by facilitating strand 
exchange after a DSB has occurred. This process has been shown to be enhanced by the 
presence of RPA by controlling the formation of secondary DNA structures Sigurdsson et al 
noted that RPA can inhibit the function of Rad51 by competing for the ssDNA in the reaction 
(23). When RPA is added at the same time as Rad51 to the circular X174 ssDNA substrate, 
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no strand exchange occurs and no nicked circular product is detected. This observation is 
similar to results shown by Van Komen et al (24). To overcome this inhibition, the ssDNA 
substrate was first incubated with Rad 51 and RPA was added subsequently, which led to the 
enhancement of strand exchange. During in-vivo recombination, RPA competition is 
controlled by Rad52, Rad55, and Rad57 (23). Other studies have shown that RPA can play 
an important role by sequestering other free ssDNA not involved in the strand exchange, and 
hence focus Rad51 towards the lesion of interest (24). Recent studies show the interaction 
between RPA and Rad51 to be a cooperative effect, whereby Rad51 is stabilized by RPA 
before strand exchange. However conflicting observations by Eggler et al suggest Rad51 
begins the strand exchange function, and RPA becomes involved by stabilizing the 
postsynaptic product (23). Additional evidence suggesting that RPA is involved in DSB 
repair comes from the studies on the yeast RPA 1 point mutations, rfa 1-t 11, and rfa 1-t48. 
These mutants exhibit an abnormal distribution of DSBs and increased 5' DNA resection 
similar to R~4D52 epistasis group mutants (25). They also exhibit decreased sporulation 
efficiency and are defective in Spo 11 recombination. RPA also functions in the end joining 
pathway to repair DSBs. During this process, RPA works with Ku80 in the repair of DSBs. 
Using isolated Xenopus nuclei, Grandi et al were able to artificially generate DSBs using 
restriction endonucleases. Combining this with immunofluorescence, they were able show 
accumulation of RPA/Ku foci at the DSBs (26). 
Double Strand Break Formation 
Illlliiliilllilllllll
5' Resection at break site (Endonucleases) 


















Figure 1.5 Function of Replication Protein A in Recombination based DNA double stranded 
break repair. 
Regulation of RPA function 
As outlined above, RPA is involved in various aspects of DNA metabolism related to 
cell growth and functions during DNA replication, repair, and recombination. These 
functions are controlled by the phosphorylation and dephosphorylation of RPA. It has been 
shown that the phosphorolation occurs at serine residues located near the N-terminus of 
RPA2 (27) (Figure 1.6). Using inhibitors of the phosphorylation reactions, researchers 
determined that multiple kinases were responsible for RPA phosphorylation. Two of the 
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major kinases to phosphorylate RPA2 are the DNA dependent protein kinase (DNA-PK), and 
the ataxia telangiectasia-mutate (ATM) kinase. Upon irradiation with X-rays, RPA was 
found to become phosphorylated. Using a mutant of the yeast ATM homolog Mec 1, Brush 
et al found that RPA2 in yeast is hyperphosphorylated (11). Their studies using 
recombination initiation mutant of Spo 11 showed no RPA2 hyperphosphorolation. This 
suggests that RPA phosphorolation controls progression of recombination. Similar 
experiments were done using the yeast recombination strand exchange mutants rad50S and 
dmc 1. These mutants showed an increased level of hyperphosphorylated RPA2, 
demonstrating that phosphorylation must play some role in controlling recombination. 
Dephosphorylation followed over varying periods of time after irradiation with X-Rays (27). 
Similar studies on mutant ATM and DNA-PK human cell lines have confirmed these results. 
Interestingly, phosphorylation of RPA2 by cyclin dependent kinase does not seem to affect 
association between the RPA subunits, clearly indicating specificity of regulation by 
phosphorylation (10). 
RPA in cancer 
Since RPA is involved in cell growth, it has also been implicated in uncontrolled cell 
growth, i.e. cancer. Recent studies have discovered autoimmunity of RPA2 in human breast 
cancer. During these studies researchers found that ~ 10% of breast cancer patients tested 
showed this autoinrununity. Investigation of lung and neck cancer patients also showed a 
similar autoimmunity. These findings may help develop a detection system for breast cancer 
(28). Furthermore, using pull down assays, Wong et al showed that the tumor suppressor 
gene BRCA2 interacts with RPA and Rad51 during DNA repair. In the same study, 
researchers found that the Y42C mutant form of BRCA2 in breast cancer patients was unable 
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to interact with RPA (29). In yeast two-hybrid screen, RPA2 was found to interact with 
Menin, a tumor suppressor gene in multiple endocrine neoplasia. It was found that three of 
the 15 known mutants of men 1 gene (H 139D, A 160P, and A 176P) were no longer able to 
interact with RPA2. Eight others showed diminished interaction with RPA2, while the 
remaining four showed no noticeable difference (30). 
RPA in plants 
Compared to studies on mammalian and yeast RPA, the plant RPA has received less 
attention. Recently Garcia-Maya and Buck (31) attempted purification of RPA from tobacco 
cell suspensions. They were able to purify a ssDNA binding protein that appeared to contain 
three subunits that showed a similar electrophoresis mobility to other eukaryotic RPAs. This 
same protein preparation also stimulated a tobacco DNA polymerise. However, they were 
unable to confirm by any genetic or biochemical methods that the partially pure protein was 
indeed RPA. Using mRNA differential screens involving gibberellin induced growth in 
deepwater rice, Van Der Knapp et al have isolated an mRNA encoding RPA 1 (32). This 
RPA 1 ortholog shows a sequence identity of nearly 34% with that of human RPA 1. Later, 
another sequence homologous to RPA 1 (termed OsRPA70a) was isolated from rice along 
with the first know sequence of RPA2 (OsRPA32) in plants. Interestingly, OsRPA70a shows 
little sequence homology with the previously discovered rice RPAI (<35% identity}. Rice 
RPAI and RPA2 were found to be expressed in various tissues (33). Four possible 
homologues of RPA 1, and one for RPA2 have been discovered in the Arabidopsis genome. 




It is clear from the forgoing account that RPA plays an important role in various 
pathways of DNA metabolism in eukaryotic cells. Basic biochemical information about this 
protein from plants is lacking. In view of the potential utility of such basic information on 
plant RPAs for developing plant gene targeting technology, we undertook the molecular and 
biochemical characterization of maize RPA. Specific goals of the study are: 
1. Molecular cloning of cDNAs for maize RPA subunits 1 and 2. 
2. Expression of maize RPA 1 and RPA2 in heterologous systems. 
3. Genetic and Biochemical characterization of maize RPAl and RPA2. 
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CHAPTER 2 
METHODS AND 1VIATERIALS 
During out investigations standard recombinant DNA techniques were used. For the 
sake of brevity these protocols are not described here, but are referenced to the original text 
or manufacturer. All reagents used are commercially available and of analytical grade. 
VECTOR CONSTRUCTION 
Construction of expression plasmids 
The pGEX6P vector (Amersham Pharmacia) was used to express the recombinant 
ZmRPA homologues. This corrunercially available vector expresses recombinant proteins 
with an N-terminal Glutathione S-Transferase (GST) tag. The fusion tag allows easy 
purification of the recombinant protein. The GST tag can later be removed by cleavage with 
a synthetic protease. The start codons for ZmRPA 1 H 1 and ZmRPA 1 H2 contain NcoI sites, 
while the ZmRPA2H start codon contains a BstEII site. Since we wanted to avoid PCR 
amplification of the coding sequences, we decided to add either a NcoI or a BstEII site to the 
pGEX6p vector itself. This was done by PCR using primers shown in Table 2.1 and as 
depicted in Figures 2.1, 2.2, and 2.3 to amplify the GST portion of the vector. Reverse 
primers were made complementary to the PreScission protease sequence with either an NcoI 
site or a BstEII site added on the end. PCR was performed for 36 cycles using Platinum Pfx 
polymerase (Invitrogen). The PCR product was purified using the Qiaquick PCR 
purification kit (Qiagen) and digested using SfuI and either NcoI, or BstEII. The restriction 
digestion reaction products were analyzed on a 0.8% agarose TBE gel. The expected 250 by 
band was excised and gel purified using the Qiagen Gel Purification kit. This fragment was 
labeled "Linker". The vector backbone was generated by digesting pGEX6p-2 with NotI and 
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SfuI. The 3,800 by vector fragment was isolated and purified as above and labeled 
"backbone". Insert DNA for each RPA homologue was generated as follows: for 
ZmRPA 1 H 1, cDNA was digested with NcoI and NotI to completion (Figure 2.1). The 
ZmRPA 1 H2 insert was generated using and a complete digestion with NotI and a serial 
dilution partial digest with NcoI (Figure 2.2). To generate the ZmRPA2H, insert a complete 
digest was performed with NotI, and a serial dilution partial digest using BstEII (Figure 2.3). 
To generate the expression vector to produce each recombinant protein, the backbone, linker 
and individual insert were ligated using T4 DNA ligase for 2 hrs at room temperature and 
used to transform competent TOP 10 E. col i cells (Invitrogen) following the manufacturers 
instructions. Transformed cells were selected using LB plates containing SOµg/ml 
carbenicillin. Four transformants were selected from each plate and grown for 12- 14 hrs 
with shaking in LB containing 50µg/ml carbenicillin. Plasmid DNA was extracted using the 
Qiagen Min-Prep kit. Proper cloning of ZmRPA homologue cDNAs was confirmed first by 
restriction digestion, followed by DNA sequencing of at least four individual transformants 
to ascertain that the insert was in frame with the GST tag. 
Table 2.1 Primers used for the addition of new restriction sites to the pGEX6p vector. PCR 
reactions were setup using the GST primer and either RPA 1 /NcoI or RPA2/BstEII primer 
with the pGEX6p vector as a template. To create each linker 30 PCR cycles were used. 
Primer Site Added Sequence 
RPA 1 /NcoI NcoI GCGCCATGGGCCCCTGGAACAGAAC 
RPA2/BstEII BstEII GTCGTGGTCACCGGCCCCTGGAACAGAAC 
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Figure 2.1 Construction of chimeric GST-ZmRPA 1 H 1 expression vector for expression in E. 
col i. Insert DNA for ZrrtRPA 1 H 1 was generated using complete digestions with NcoI and 
NotI. The linker molecule was creating using PCR with the RPA 1 /NcoI and GST primers 
shown in Table 2.1 followed by restriction digestion with SfuI and NcoI. Vector DNA was 
created by digesting the pGEX6p vector with SfuI and NotI. The three components were 
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Figure 2.2 Construction of chimeric GST-ZmRPA 1 H2 expression vector for expression in E. 
col i. Insert DNA for ZmRPA 1 H2 was generated using complete digestions with NotI a 
partial digestion with NcoI. The linker molecule was creating using PCR with the 
RPA 1 /NcoI and GST primers shown in Table 2.1 followed by restriction digestion with SfuI 
and NcoI. Vector DNA was created by digesting the pGEX6p vector with SfuI and NotI. 
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Figure 2.3 Construction of chimeric GST-ZmRPA2H expression vector for expression in E. 
coli. Insert DNA for ZmRPA2H was generated using complete digestions with NotI a partial 
digestion with BstEII. The linker molecule was creating using PCR with the RPA2/BstEII 
and GST pruners shown in Table 2.1 followed by restriction digestion with SfuI and BstEII. 
Vector DNA was created by digesting the pGEX6p vector with SfuI and NotI. The three 
components were then mixed, ligated, and transformed in TOP 10 E. coli. 
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Construction of vectors for expression of recombinant proteins in P. pastoris 
Cloning of ZmRPA homologues into the pICZGST vector was done following the 
cloning strategies shown in Figures 2.4, 2.5, 2.b for ZmRPA 1 H 1, ZmRPA 1 H2, and 
ZmRPA2H respectively. Restriction digestion, ligation and transformation of ~. col i TOP 10 
cells were essentially as described above. Plasmid DNA from clones with the proper inserts 
was used to transform P. pastoris by electroporation and selected on YPD plates containing 
l OOµ,g/ml Zeocin. Transformed colonies were grown 12-14 hrs in 10 ml of phosphate 
buffered minimal glycerol media at 30°C with shaking. The cultures were transferred to 
phosphate buffered minimal methanol medium for induction. Expression was maintained by 
adding 0.5% methanol every 24 hrs. After three days of induction, cultures were harvested 
and screened using western blot and scored based on their ability to produce recombinant 
GST-RPA proteins. 
Yeast 2-hybrid vectors 
Yeast 2-Hybrid vectors were created using the Clonetech pGADT7 and pGBDT7 
system. The pGADT7 vector contains a truncated version of the GAL4 activation domain, 
while the pGBDT7 contains the DNA binding domain of GAL4. The homologues for the 
large subunit of RPA (ZmRPA 1 H 1 and ZmRPA 1 H2) were cloned into the pGBDT7 vector. 
The pGBDT7 vector backbone was generated by digestion with NcoI and NotI. The 7,300 
by vector fragment was isolated and purified as described earlier and labeled "BDbackbone". 
Insert DNA for each RPA homologue was generated as follows. For ZmRPA 1 H 1, cDNA 
was digested with NcoI and NotI to completion (Figure 2.7). The ZmRPA 1 H2 insert was 
generated using and a complete digestion with NotI and a serial dilution partial digest with 
18 
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Figure 2.4 Construction of chimeric GST-ZmRPA 1 H 1 expression vector for expression in P. 
past~o~is expression. The previously generated GST-ZmRPA 1 H 1 E. soli expression vector 
was digested using Asp700 and NotI. Vector DNA was created by digesting the pICZGST 
vector with Asp700 and NotI. The two components were then mixed, ligated, and 
transformed in TOP 10 E. col i. 
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Figure 2.5 Construction of chimeric GST-ZmRPA 1 H2 expression vector for expression in P. 
pastoris expression. The previously generated GST-ZmRPA 1 H2 E. col i expression Vector 
was digested using Asp700 and NotI. Vector DNA was created by digesting the pICZGST 
vector with Asp700 and NotI. The two components were then mixed, ligated, and 
transformed in TOP 10 E. col i. 
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Figure 2.6 Construction of chimeric GST-ZmRPA2H expression vector for expression in P. 
pasto~is expression. The previously generated GST-ZmRPA2H E. col i expression vector 
was digested using Asp700 and NotI. Vector DNA was created by digesting the pICZGST 
vector with Asp700 and NotI. The two components were then mixed, ligated, and 
transformed in TOP 10 E. col i. 
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NcoI (Figure 2.8). The cDNA encoding the ZmRPA2H was cloned into the pGADT7 
vector. The pGADT7 vector backbone was generated by digestion with EcoRI and BamHI 
and labeled "ADbackbone". The ZmRPA2H insert was generated by complete digestion 
with BamHI and a serial dilution partial digestion with EcoRI (Figure 2.9). To generate the 
modified vector the backbone and insert were ligated using T4 DNA ligase for 2 hrs at room 
temperature and used to transform competent TOP10 E. coli cells (Invitrogen) following the 
manufacturers instructions. Transformed cells were selected using the appropriate antibiotic. 
Four transformants were selected from each plate and grown fr o 12- 14 hours with shaking in 
LB containing the appropriate antibiotic. Proper cloning of ZmRPA homologue genes was 
first confirmed by restriction digestion. Finally DNA sequencing for each independent 
transformant confirmed that the insert was in frame with either the truncated versions of 
activation domain or binding domain of GAL4. 
Yeast complementation vector construction 
The pRSA416 series of vectors (ATCC) was used to test the ability of the ZmRPA 
homologues to complement the function of RFA mutants of yeast. This commercially 
available vector contains the Met25 promoter that is repressed in the presence of methionine. 
Vector pRS416 was first modified to contain the sites required for inserting our cDNAs into 
it. This was done by generating an oligonucleotide linker with compatible ends, which 
allowed it to be inserted into the vector backbone (Figure 2.11). The backbone was 
generated by digestion with XhoI and XbaI. An expected fragment of 4900 by was gel 
purified using the Qiagen Gel Purification kit. Complementary oligonucleotides were 
synthesized to contain the desired restriction sites. When annealed, they would have XhoI 
22 
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Figure 2.7 Construction of ZmRPA 1 H 1 yeast 2-Hybrid Vector. Insert DNA for ZmRPA 1 H 1 
was generated using complete digestions with NotI and NcoI. Vector DNA was created by 
digesting the pGBKT7 vector with NcoI and NotI. The two components were then mixed, 
ligated, and transformed in TQP 10 E. col i. 
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Figure 2.8 Construction of ZmRPA 1 H2 yeast 2-Hybrid Vector. Insert DNA for ZmRPA 1 H2 
was generated using a complete digestion with NotI and a partial digestion with NcoI. 
Vector DNA was created by digesting the pGBKT7 vector with NcoI and NotI. The two 
components were then mixed, ligated, and transformed in TOP 10 E. coli. 
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Figure 2.9 Construction of ZmRPA2H yeast 2-Hybrid Vector. Insert DNA for ZmRPA2H 
was generated using complete digestions with BamHI and EcoRI. Vector DNA was created 
by digesting the pGADT7 vector with EcoRI and BamHI. The two components were then 
mixed, ligated, and transformed in TOP 10 E. coli. 
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and XbaI compatible ends (Figure 2.10). Linkers were annealed by mixing an equimolar 
amount of each oligonucleotide and heating them to 95°C for l0 min followed by cooling on 
ice. To generate the modified vector, the backbone and linker were ligated using T4 DNA 
ligase for 2 hrs at room temperature and used to transform competent TOP 10 E. col i cells 
(Figure 2.11). Selection of transformants, plasmid DNA preparation, and characterization 
by sequencing was performed as described earlier. The vector was designated MpRS416. 
For yeast complementation cloning of the ZmRPA 1 cDNAs the MpRS416 vector was 
digested with EcoRI and NotI. The expected fragment size of 4,900 by was gel purified as 
above and labeled "Lsbackone". Inserts for both ZmRPA 1 H 1 and ZmRPA 1 H2 were 
generated by digestion with EcoRI and NotI, and gel purified for ligation into the backbone 
using T4 DNA ligase as above (Figures 2.12 and 2.13). For cloning of ZmRPA2H for 
complementation the MpRS416 vector was digested using EcoRI and BamHI and the 
expected fragment size of 4,900 by was gel purified (Msbackbone). For insert ZmRPA2H 
generation the cDNA was completely digested with NotI, and a serial dilution partial digest 
using EcoRI (Figure 2.14). To generate the final complementation vector the MSbackbone, 
and insert were ligated, and transformed into TOP 10 E. col i cells and transformants were 
selected using the proper antibiotic. Proper vector construction for each transformant was 
first confirmed by restriction digestion, followed by DNA sequencing. 
26 
Stacked Primers 
XbaI Overhang XhoI Overhang 
1 1 TCGAGGCGGTGGCGC,CCGCTCGTGGATCCCGTCGACCAGGAATTCGT 
CTCCGCCACCGCCGGCGAGCACCTAGGGCAGCTGGTCCTTAAGCAGATC 
NotI Ba~I SaII EcoRI 
Figure 2.10 Yeast pRS416 linker containing the desired restriction sites far yeast 
complementation cloning. Two complementary oligonucleotides were generated and 
























Figure 2.11 Insertion of a synthesized oligonucleotide linker into the pRS416. Vector DNA 
for pRS416 was digested using XbaI and XhoI. The synthesized linker shown in Figure 2.10 
was then mixed with the vector DNA, ligated, and transformed into TOP10 E. coli. 
27 
O 





















Figure 2.12 Construction of the ZmRPA 1 H 1 yeast complementation vector. Insert DNA for 
ZmRPA 1 H 1 was generated using complete digestions with EcoRI and NotI. Vector DNA 
was created by digesting the MpRS416 vector shown in Figure 2.11 with EcoRI and Notl. 
The two components were then mixed, ligated, and transformed in TOP 10 E. coli. 
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Figure 2.13 Construction of the ZmRPA 1 H2 yeast complementation vector. Insert DNA for 
ZmRPA 1 H2 was generated using complete digestions with EcoRI and NotI. Vector DNA 
was created by digesting the MpRS416 vector shown in Figure 2.11 with EcoRI and NotI. 
The two components were then mixed, ligated, and transfor ~Iled in TOP 1 o E. col i. 
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Figure 2.14 Construction of the ZmRPA2H yeast complementation. vector. Insert DNA for 
ZmRPA2H was generated using a complete digestion with BamHI and a partial digestion 
using EcoRI. Vector DNA was created by digesting the MpRS416 vector shown in Figure 
2.11 with EcoRI and BamHI. The two components were then mixed, ligated, and 
transformed in TOP 10 E. col i. 
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PROTEINS EXPRESSION AND EXTRACTION 
Expression of GST-RPA recombinant proteins in E. coli 
The pGEX6p/RPA expression vectors were transformed into E. coli strains and 
selected using LB agar plates containing the appropriate antibiotic. Plates were allowed to 
grow overnight at 37°C. Four transformant colonies were selected for expression and 
analysis. Selected colonies were grown overnight at 37°C with shaking at 250 rpm in liquid 
LB containing the appropriate antibiotic concentration. The next day cultures were diluted 
1:10 with fresh LB containing the antibiotic. The subcultures were allowed to grow at 37°C 
with shaking at 250 rpm for a defined length of time or until desired cell density (as judged 
by A600) was achieved. Expression of the recombinant protein was induced by adding IPTG 
to a desired final concentration of the inducer. Aliquots of the uninduced (control) and 
induced cultures were removed at defined time intervals after induction and analyzed by 
SDS-PAGE using 4-20% Tris-Glycine gels (Invitrogen). Electrophoresis was performed 
using tris-glycine buffer pH 8.3 (Invitrogen) at room temperature at 125 V for lhr 45min. 
Proteins were visualized by Coomassie blue stain. Western blots were performed on samples 
to detect the presence of induced proteins which were visualized using anti-GST antibodies 
followed by immunodetection using ECL +Kit (Amersham Pharmacia). 
Whole cell extracts (WCE) 
Approximately 100 g of maize callus was suspended in 300 ml of ice cold BioNeb 
buffer (20mM HEPES pH 7.9, lOmM KCI, IOmM NaCI, 0.4M sorbitol, O.1mM EDTA, 20% 
v/v 1 glycerol) containing 1mM DTT, 25µg/ml Pefabloc, 4µg/ml Pepstatin, and 0.7µg/ml 
Bestatin and homogenized by passing through a sieve. Cells were disrupted using a 
bionebulizer (Glas-Col) as described earlier (43). The nebulized suspension was then filtered 
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through two layers of cheesecloth. The filtrate was measured and mixed with 1 / 10th volume 
of saturated ammonium sulfate for 1 hr at 4°C ~ by gentle shaking. The mixture was 
centrifuged at 100,000Xg in a Sorvall ultra centrifuge for 90 min at 4°C. The pelleted 
material was discarded, and nuclear proteins in the supernatant were precipitated by adding 
0.4g of ammonium sulfate per ml of supernatant with mixing at 4°C. Precipitated proteins 
were then pelleted by centrifugation at 35,000xg for 30 min at 4°C. Pellets were resuspended 
in HGED buffer (20mM HEPES, 20% glycerol, .01 rr1M EDTA) and dialyzed overnight at 
4°C against HGED + 1 OOrr~1VI KCl containing 1 mM DTT and 25 µg/ml Pefabloc. After 
dialysis, the sample was centrifuged at 35,000xg for 10 min at 4°C to remove denatured and 
precipitated proteins, and then stored at -80°C until further use. 
NUCLEIC ACID ANLAYSIS 
RNA extraction 
Extraction of RNA from plant tissues was carried out following the method described 
by Schneiderbauer et al (41). Essentially 3g of tissue was frozen using liquid nitrogen and 
ground into a fine powder with apre-cooled pestle and mortar. The tissue powder was added 
to CTAB extraction buffer pre-warmed to 65 °C, mixed by gentle vortexing and incubated for 
5 min at room temperature. A chloroform/isoamylalcohol (24:1) (Sigma) extraction was then 
performed twice to remove protenaceous materials. Total RNA was precipitated at 4°C by 
adding 1 /4th volume of 1 OM LiCI, and pelleted by centrifugation at 10,000 rpm for 20 min at 
4°C. The RNA pellet was resuspended using SOOµ,I of SSP buffer pre-warmed to 65°C. A 
second Chloroform/isoamylalcohol (24:1) extraction was performed and RNA was 
precipitated using two volumes of 100% ethanol with 1 / 10th volume of 3M ammonium 
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acetate. The pellet was separated by centrifugation as above, washed with 70% ethanol, 
allowed to air-dry and resuspended in 65 °C distilled water treated with DEPC. 
Concentration of ~~TA was determined spectrophotometrically. 
DNA extraction 
To extract DNA, 3g of tissue was frozen using liquid nitrogen and then disrupted into 
a fine powder with a pestle and mortar. The powdered tissue was added to CTAB extraction 
buffer pre-warmed to 65°C, mixed and allowed to sit for 5 min at room temperature. A 
Chloroform/isoamylalcohol (24:1) (Sigma) extraction was performed twice followed by 
precipitation of DNA at -20°C for 2 hrs by adding an equal volume of isopropanol. The 
DNA was pelleted by centrifugation at 10,000 rpm for 20 min at 4°C and then resuspended 
using 500µ.l of 65°C SSP buffer. Chloroform/isoamylalcohol (24:1) extraction was 
performed as above and DNA precipitated using two volumes of 100% ethanol with 1 / 1 Otn 
volume 3M ammonium acetate. The pellet was washed with 70% ethanol, allowed to air-dry 
and resuspended in water warmed to 65°C. Concentration of the DNA was determined 
spectrophotometrically. 
Northern blot analysis 
A 15cm formaldehyde agarose gel was used for Northern blot analysis. 
Approximately 30 µ,g total RNA was mixed with 3 parts Northern Max formaldehyde 
loading dye (Ambion) and heated for 10 min at 70°C. The RNA samples were cooled on ice 
for 10 min and electrophoresed using 1 X MOPS buffer at SOV for 3 hrs. The gel was washed 
three times with distilled water with shaking to remove excess formaldehyde. Meanwhile, 
the Nytran membrane (Schleicher & Schuell) was soaked in distilled water for 30 min, 
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followed by 20X SSC and used for transfer of the RNA using the TurboBlotter (Schleicher & 
Schuell} following manufacturer's instructions. After 12-14 hrs, the membrane was washed 
in SX SSC for 5 min with shaking, and the RNA was Uv-crosslinked at 120,000µJ. Filters 
were pre-hybridized using 0.25M sodium phosphate buffer pH 7.2 with 7% SDS at 65°C for 
1 hr. Probe DNA was labeled usin the Redi rime kit Amersham Pharmacia and a -32P g p ( ) 
dCTP (Amersham Pharmacia). The radio-labeled probe was added to 7 ml of pre-
hybridization buffer and allowed to anneal to the membrane at 65 °C with mixing for 12-14 
hrs. To remove any unbound probe, the membrane was washed twice for 30 min at 65°C 
with 20rrilVl sodium phosphate buffer pH 7.2 plus 5% SDS, followed by washing twice for 30 
min at 65°C with 20rriM sodium phosphate pH 7.2 plus 1 % SDS. The membrane was 
wrapped in saran wrap and autoradiography was performed at -80°C using BioMax MR film 
(Eastman Kodak) with an intensifying screen. 
PROTEIN PURIFICATION TECHNIQUES 
Purification of recombinant GST-ZmRPA homologues from inclusion bodies 
Recombinant GST-RPA proteins were expressed as described earlier. Induced ~. col i 
cells were collected by centrifugation at 10,000 rpm for 10 min at 4°C and lysed by 
resuspending cell pellets in BPER (Pierce Endogeny, followed by mild vortexing for 1 min. 
The soluble and insoluble fractions were separated at 14,000 rpm for 10 min in a micro 
centrifuge at 4°C. Aliquots of the soluble and insoluble fractions were- analyzed by SDS-
PAGE as described earlier the remaining insoluble pellet was resuspended in PreScission 
protease buffer and subjected to PreScission protease treatment (Amersham Pharmacia) for 
12-14 hrs at 4°C. The suspension was centrifuged at 14,000 rpm at 4°C to separate the buffer 
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and protease treated pellet. Both fractions were analyzed using SDS-PAGE followed by 
Coomassie Blue staining. The band corresponding to the expected size of RPA was excised 
for MALDI analysis, peptide sequencing, and antibody production. 
Heparin Sepharose column chromatography 
A Hi-Prep 1 ~/ 10 Heparin Sepharose column (Amersham Pharmacia) was coupled to 
an AKTA FPLC and equilibrated with 5 column volumes of HGED + 100rr~1Vt KCl at a flow 
rate of 0.75m1/min. Approximately 200mg of wCE protein was loaded onto the column at a 
flow rate of O.SmI/min. Flow through fractions were collected and unbound protein was 
washed from the column using HGED + 100rr~1VI KCI. The unbound protein was pooled with 
the flow through fractions and labeled HA 1. The column was further washed with five 
column volumes of HGED + 400rr~1VI KCI, fractions collected and designated as HA2. 
Finally the column was washed using HGED + 1 M KCl and the collected fractions were 
labeled HA3. Proteins in HA 1, HA2, and HA3 fractions were precipitated using 0.4g of 
a:rrunonium sulfate per milliliter of fraction. Precipitated proteins were pelleted by 
centrifugation at 35,000xg for 30 min at 4°C. Pellets were resuspended in HGED and 
dialyzed overnight at 4°C against HGED + l OOmM KCl containing 1 rr~.M DTT and protease 
inhibitors. After dialysis, the sample was centrifuged at 35,000xg for 10 min at 4°C to 
remove denatured and precipitated proteins and stored at -80°C till further use, 
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ssDNA cellulose column chromatography 
Approximately 30 mg of protein from HAl or HA2 fractions were added to Sg of 
ssDNA cellulose (Sigma) and mixed gently at 4°C for 12-14 hrs. The ssDNA cellulose 
matrix was transferred to a column and allowed to settle. The unbound proteins were allowed 
to pass through the column and washed with 10 column volumes of HGED + 100mM KCl 
(DC-FT). The column was further washed with HGED + 1 M KCl and fractions collected 
and designated HA 1-DC 1 or HA2-DC 1. Finally the column was washed using HGED + 1 M 
KCl + SO% glycerol and the collected fractions labeled HA1-DC2 or HA2-DC2. Eluted 
fractions were dialyzed overnight at 4°C against HGED + SOrriM KCl containing 1 mM DTT 
and 25 ~,g/ml Pefabloc. After dialysis, the sample was centrifuged at 3 S,000xg for 10 min at 
4°C to remove denatured and precipitated proteins and stored at -80°C. 
Ion exchange chromatography 
For ion exchange chromatography a MonoQ HR 5/5 column was coupled to AKTA 
FPLC and equilibrating with HGED + SOrriM KCl at a flow rate of 1 mUmin. Approximately 
5 mg of HA2-DC 1 was loaded on the MonoQ column and the flow through collected. Bound 
proteins were eluted by sequentially washing the column with HGED + 200rriM KCI, 
SOOm.M KCI, and 1 M KCI. Fractions were collected for each wash and labeled as 
HA2/DC/MQPeakl.l, HA2/DC/MQPeakl.2, HA2/DC/MQPeak2, HA2/DC/MQPeak3. 
fractions were then combined and dialyzed against HGED + SOrr~1VI KCl containing 1 rriM 
DTT and Pefabloc overnight at 4°C. 
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Polyacrylamide gel electrophoresis and western blotting 
Proteins were resolved 4-20% polyacrylamide gels (Inivitrogen) at 125V for 95 
minuets at room temperature using 1 X SDS Tris-Glycine running buffer (Invitrogen). 
western transfer was performed at 25V for two hours at 4°C using PVDF membrane 
(Invitrogen) with 1 X SDS transfer buffer (Invitrogen). To reduce nonspecific binding the 
blot was blocked using 5% Blotto in PBS at 4°C for at least 1 hour with shaking. 
Immunological techniques 
Binding of primary antibody was performed for one hour in 20m1 of 5% Blotto in 
PBS containing 0.1 % Tween 20. Dilutions used for initial experiments were 1:1000 for 
ZmRPA 1 H, and 1:2000 for ZmRPA2H. The membranes were rinsed three times with SOmI 
of PBS containing 0.1 % Tween 20. Blots were then transferred to secondary anti-rabbit 
horseradish peroxidase antibody conjugate diluted 1:7000 in 5% Blotto PBS and incubated 
for 1 hr at 4°C. Blots were rinsed three times with PBS-T with followed by three washings 
for 15 minuets with PBS containing 0.1 % Tween 20. Antigens were then visualized using 
the ECL+ kit (Amersham Pharmacia) and exposing the western blots to BioMax MR film 
(Eastman Kodak) with an intensifying screen. 
BIOCHEMICAL ANALYSIS 
Ligation assay 
Ligation assays were performed as reported earlier (47). Briefly, 1µg of one of the 
oligonucleotide substrate (S2) was end labeled using T4 Polynucleotide Kinase (Roche) and 
,~ 32P. To prepare the substrate mixture, equimolar amounts of oligonucleotide substrates S 1, 
S3 and labeled S2 (Table 2.2} were mixed and heated at 95°C for 10 min, followed by 
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cooling on ice for 10 min. The mixture was diluted 1:10 using double distilled water. 
Ligation reactions were carried out in 20 mM Tris pH 7.9, containing 10 rr~1VI MgC12, 100rr~1VI 
KCl and in the presence of 4 mM ATP as a cofactor, 1µl substrate mix, and protein sample. 
Ligation was carried out at 15°C for 30 min. Reactions were terminated by adding an equal 
volume of 2X TBE urea loading dye and heating for 10 min at 70°C. The reaction products 
were resolved on 20% polyacrylamide gels containing 8M urea using TBE buffer at 200V for 
2 hours. Autoradiography was performed at -80°C using BioMax MR film (Eastman Kodak) 
for the desired length of time with an intensifying screen. 
Table 2.2 Uligonucleotide substrates used during the in-vitro ligation assay. Substrates were 
synthesized, and diluted to a final concentration of 1µM. The S2 substrate was then labeled 
using Polynucleotide Kinase with y-32P. 
Size Sequence 
S 1 48-mer AAT 
S2 18-mer ATTTCCAGTGACCTCCTC 
S3 30-mer AAATAGCCGA.ACAAATTCTTTAATAGCATC3 
GATGCTATTAAAGAATTTGTTCGGCTATTTGAGGAGGTCACTGGA 
Yeast 2-hybrid screening 
The empty and modified pGADT7 vector that contained the ZmRPA2H cDNA were 
cotransformed with empty or modified pGBDT7 containing either ZmRPA 1 cDNA into the 
YRG-2 S. eerevisiae strain and plated on the appropriate auxotrophic media. The YRG-2 
strain contains a reporter gene for the detection of in vivo protein-protein interactions. This 
reporter contains the UAS from GAL 1 and TATA portion of GAL 1 fused to HIS3 gene to 
regulate its expression. From each transformation, 25 colonies were selected to test for 
interaction between the maize RPA subunits. Since the HISS reporter is leaky, the same 
dropout plates were titrated at 2.Srr~1VI, S.OrriM, 7.SmM, lOrriM, and 20rriM 3AT 
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concentrations. The plates were allowed to grow for 4 days and their growth level scored. 
Colonies that grew well in the presence of 3AT were grown in liquid media, and plasmid 
DNA was extracted using the Qiagen Mini-Prep Kit. The yeast plasmid DNA was used to 
transform E. col i and selected using the proper antibiotic. Transformed E. col i colonies then 
selected, plasmid DNA extracted, and submitted sequencing to confirm the identity of the 
cDNAs. 
Complementation analysis 
During a search on the ATCC yeast deletion strain database, we identified deletion 
strains for the RPA 1 and RPA2 homologous RFA 1 and RFA2 in Sacchar~omyces ce~evisiae. 
These strains were generated as part of the yeast deletion effort at Stanford University. 
During the deletion process the wild type gene is replace by a G418 resistance cassette. 
Since deletions of RPA have been shown to be lethal, these mutants had to be propagated as 
diploids (25). Strain 4020409 was transformed with complementation plasmids for the 
expression of the maize RPA 1 homologues, the 4031132 strain was transformed with the 
ZmRPA2H complementation plasmid following the method described by Schiestle et al (42). 
Transformants were then selected using the appropriate auxotrophic media. To test the 
ability of ZmRPA homologues to complement ScRFA function four transformants from each 
transformation were selected and streaked on KAC sporulation media. After sporulation, 
tetrad analysis was done by first removing the ascus coat by gluculase treatment (Sigma). 
Tetrads were separated into individual spores using a micromanipulatar and spores were 
plated on YPD media containing G418 to test the ability of the separated tetrads to grow. 
Spores showing positive growth were incubated overnight, propagated in liquid media, and 
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Alignment of cDNA, and protein sequences was performed by the Alig;nX program, 
part of the Vector NTI program package. Sequence files were then exported to the GeneDoc 
program to generate the final sequence alignment. 
Database searching 
Database searching was done using the BLAST submit available at Pioneer Hi-Bred 
International's bioinforrnatics page. For the purposes of these experiments the non-




Cloned maize cDNAs have homology to RPA1 and RPA2 from other species 
A search of Pioneer's proprietary maize EST database revealed several sequences 
which showed significant homology to the sequences of manunalian and yeast RPAs. Using 
representative EST sequences, BLAST searches were performed. The results of these 
searches are shown in Tables 3.1, 3.1, and 3.3. For each EST highest scoring annotated 
protein is RPA in rice. These cloned cDNAs were further characterized by full-length 
sequencing. Analysis of these sequences revealed two expressed homologues for the large 
subunit of replication protein A (RPA 1), and were designated ZmRPA 1 H 1, and ZmRPA 1 H2 
(Figure 3.1). In contrast only one homologue of RPA2 was discovered, and designated 
ZmRPA2H, was found (Figure 3.2). 
Table 3.1 Nucleotide sequence BLAST results for selected maize EST sequences. 
ZmRPAIHI 
BLASTN RANK Accession ID 
1 AY109819 
2 AY 105460 
3 AF009179 
Score ID 
0.0 mRNA sequence from Zea mays 
0.0 mRNA sequence from Zea mays 
1 e-171 Oryza sativa RPA 1 mRNA complete cds 
Table 3.2 Nucleotide sequence BLAST results for selected maize EST sequences. 
ZmRPA1H2 
BLASTN RANK Accession ID 
1 AY106875 
2 AY 105460 
3 AF009179 
Score ID 
0.0 mRNA sequence from Zea mays 
0.0 mRNA sequence from Zea mays 
1 e-141 Oryza sativa RPA 1 mRNA complete cds 
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Table 3.3 Nucleotide sequence BLAST results for selected maize EST sequences 
ZmRPA2H 
BLASTN RANK Accession ID 





l e-1 O5 
1e-103 
ID 
Zea mays mRNA sequence 
Oryza sativa mRNA for RPA2 





























* 20 40 
ATGGACGCTGCCAAGTTGGTGACGCCGGTCGCTGTGTCTCACATTCTGGCGCAC 54 
ATGGACGCTGCCAAGTCGGTGACGCCGGGCGCCGTGTCCTACATCCTGGCGCAC 54 
ATGGACGCTGCCAAGT GGTGACGCCGG CGC GTGTC ACAT CTGGCGCAC 
60 * 80 * 100 
CCGTCGGCGGGCTCCGACGGCGCAGTGACCGATCTCGTCGTTCAGGTCCTCGAC 108 
CCGTCTACGGGCTCCGATGGCGCCGTGTCGGATCTCGTCGTTCAGGTCCTCGAT 108 
CCGTC CGGGCTCCGA GGCGC GTG C GATCTCGTCGTTCAGGTCCTCGA 
* 120 * 140 * 160 
CTGAAGTCCGTCGGCACGGGCAGCCGGTTCAGTTTCACAGCAACTGACGGGAAG 162 
CTCAAGTCCATCGGCATGGGCAGCCGGTTCAGTTTCACGGCATCCGATGGGAAC 162 
CT AAGTCC TCGGCA GGGCAGCCGGTTCAGTTTCAC GCA C GA GGGAA 
* 180 * 200 
GATAAGATCAAGGCGATGCTTCCCACCAACTTCGGGTCGGAGGTCCGCTCTGGC 216 
GACAAAATCAAGGCGATGCTCCCCACTTACTTTGCGTCGGAGGTCCACTCCGGC 216 
GA AA ATCAAGGCGATGCT CCCCC ACTT G GTCGGAGGTCC CTC GGC 
220 * 240 * 260 
AACCTGAAGAACCTCGGCCTCATCCGCATCATCGACTACACTTGCAACGTCGTC 270 
AATCTGAAGAATTTCGGTCTCATCCGCATCCTCGACTACACTTGCAACTCCGTC 270 
AA CTGAAGAA TCGG CTCATCCGCATC TCGACTACACTTGCAAC CGTC 
280 * 300 * 320 
AAAGGCAAAGATGACAAAGTCTTGGTTGTCATCAAATGCGAGCTTGTGTGCCAA 324 
AAAGGCAACGCTGACAAAGTCCTGATTGTCGTCAAATGCGAGACTGTGTGCGAA 324 
AAAGGCAA G TGACAAAGTC TG TTGTC TCAAATGCGAG TGTGTGC AA 
* 340 * 360 * 3 
GCGCTTGACGCCGAGATCAACGGCGAGGCCAAAAAAGAGGAGCCTCCAATTGTG 378 
GCGCTCGACGCCGAGATCAACGGCGAGGCCAAGAAAGAGGATCCTCCAATTGTG 378 
GCGCT GACGCCGAGATCAACGGCGAGGCCAA AAAGAGGA CCTCCAATTGTG 
80 * 400 * 420 
CTGAAGCCTAAGGACGAATGCGTGGGCGTGACTT CCCCA 417 
CTGAAGCCTAAAGACGAAGGCTCAGTCGTGGCTGAGGAAACAAATTCTCCCCCA 432 
CTGAAGCCTAA GACGAA GC G CGTG CT CCCCA 
440 * 460 * 480 
CTCGCTATGAAGCCCAAGCAGGAGGTGAAGTCTGCGTCCCAGATCGTGAATGAG 471 
CTCGTGATGAAGCCTAAGCAAGAGGTGAAGTCCGCGTCCCAGATCGTGACTGAG 486 
CTCG ATGAAGCC AAGCA GAGGTGAAGTC GCGTCCCAGATCGTGA TGAG 
* 500 * 520 * 540 
CAGCGTGGAAATACTGCTCCTGTCAAGCCCCTTTCCATGACAAAGAGGGTCCAT 525 
CAGCGTGGAAATGCTGCTCCTGCCACGCGCCTTTCCATGACAAGGAGGGTCCAT 540 
CAGCGTGGAAAT CTGCTCCTG CA GC CCTTTCCATGACAA GAGGGTCCAT 




600 * 620 * 640 
ACGAGCAAAGGCAACCTGAGAACCTACAGGAATGCTCGCGGAGAAGGCTGTGTC 633 
ACGAGCAAAGGCAATCTGAGAACCTACAGGAATGCTCGTGGAGAAGGCTGCGTC 648 
ACGAGCAAAGGCAA CTGAGAACCTACAGGAATGCTCG GGAGAAGGCTG GTC 
* 660 680 * 700 
TTCAATGTAGAGCTCACCGATGAGGATGGCACCCAGATCCAAGCCACCATGTTT 687 
TTCAACGTAGAGCTTACTGATGAGGATGGCACCCAGATCCAGGCCACCATGTTT 702 
TTCAA GTAGAGCT AC GATGAGGATGGCACCCAGATCCA GCCACCATGTTT 
* 720 * 740 
AATGACGCTGCAAAGAAGTTCTATCCGATTTTTGAGCTGGGAAAGGTCTATTAT 741 
AACGAGGCTGCAAAGAAGTTCTATCCAATTTTTGAGCTGGGAAAGGTCTATTAT 756 
AA GA GCTGCAAAGAAGTTCTATCC ATTTTTGAGCTGGGAAAGGTCTATTAT 
Figure 3.1 Aliment of coding sequences of maize RPA 1 H 1 and RPA 1 H2. Consensus 


































Figure 3.1 (continued) 
760 * 780 * 800 
GTCTCAAAAGGATCTCTTAGAATTGCTAACAAGCAGTTCAAGACTGTCCAAAAT 
GTCTCAAAAGGATCTCTTAGAATTGCCAACAAGCAGTTCAAGACAGTCAA.AAAT 
GTCTCAAAAGGATCTCTTAGAATTGC AACAAGCAGTTCAAGAC GTC AAAAT 
820 * 840 * 860 
GACTACGAGATGTCACTAAACGAGAATGCTATTGTTGAAGAAGCAGAGGGGGAG° 
GACTATGAGTTGTCACTAAACGAGAATGCTATTGTTGAAGAAGCAGAGGGGGAG 
GACTA GAG TGTCACTAAACGAGAATGCTATTGTTGAAGAAGCAGAGGGGGAG 
* 880 900 * 9 
ACTTGCATTCCGCAAGTGCAATACAACCTTGTCAAGATTGATCAACTAGGATCA 
ACTTTCCTTCCACCAGTGCAATACAACCTTGTCAAGATTGATCAGCTAGGACCA 
ACTT C TTCC C AGTGCAATACAACCTTGTCAAGATTGATCA CTAGGA CA 
20 * 940 * 960 
TATGTCGGTGGCAGGGAACTTGTAGATATTGTTGGTGTGGTTCAGAGCGTATCT 
TACGTCGGTGGCAGGGAGCTTGTAGATATTGTTGGTGTGGTTCAGAGCGTATCT 
TA GTCGGTGGCAGGGA CTTGTAGATATTGTTGGTGTGGTTCAGAGCGTATCT 














* 1040 * 1060 * 1080 
ATTGTTGTGGCGGATGACTCTGGCAAAACTGTTAGTATCTCTCTTTGGAATGAT 1065 
ATTGTTGTAGCAGACGACTCTGGCAAAACTGTTACTATTTCTCTCTGGAATGAT 1080 
ATTGTTGT GC GA GACTCTGGCAA.AACTGTTA TAT TCTCT TGGAATGAT 
* 1100 * 1120 
CTTGCTACTACGACTGGGCAAGAGCTTTTGGACATGGCTGACAGTTCGCCTGTT 1119 
CTTGCTACTACGACTGGCCAAGAGCTTTTGGACATGGTTGACAGTTCGCCTGTT 1134 
CTTGCTACTACGACTGG CAAGAGCTTTTGGACATGG TGACAGTTCGCCTGTT 
1140 * 1160 * 1180 
GTTGCGATAAAGAGCCTAAAAGTGTCTGACTTTCAAGGCGTGTCTCTTTCTACT 1173 
GTTGCGATAAAGAGCCTAA.AAGTATCTGACTTCCAAGGCGTGTCTCTTTCAACT 1188 
GTTGCGATAAAGAGCCTAAAAGT TCTGACTT CAAGGCGTGTCTCTTTC ACT 
* 1200 * 1220 * 1240 
GTAGGCAAAAGTACTCTTGCGATTAATCCTGATCTACACGAGGCTCAGAATCTC 1227 
ATTGGCAGAAGTACTCTCGAGATTAATCCTGACCTGCCTGAGGCTAAGAATCTT 1242 
T GGCA AAGTACTCT G GATTAATCCTGA CT C GAGGCT AGAATCT 
* 1260 * 1280 
AAGTCATGGTATGACTCTGAAGGCAAAGATACTTCGCTGGCACCAATTGGTGCA 1281 
AAGTCCTGGTATGACTCTGAAGGCAAAGATACTTCACTGGCACCAATCAGTGCA 1296 
AAGTC TGGTATGACTCTGAAGGCAAAGATACTTC CTGGCACCAAT GTGCA 
1300 * 1320 * 1340 
GAAATGGGTGCCGCACGGGCCGGTGGCTTCAAGTCCACGTATTCTGATAGAGTT 1335 
GAAGCGGGTGCCACACGCGCTGGTGGTTTCAAGTCCATGTATTCTGATAGAGTT 1350 
GAA GGGTGCC CACG GC GGTGG TTCAAGTCCA GTATTCTGATAGAGTT 
1360 * 1380 * 1400 
TTTCTGTCTCACATTACTAGTGATCCTGCCATGGGCCAGGAAAAGCCTGTTTTC 1389 
TTTCTGTCTCACATCACCAGTGATCCTGCTATGGGCCAGGAAAAGCCTGTTTTC 1404 
TTTCTGTCTCACAT AC AGTGATCCTGC ATGGGCCAGGAAAAGCCTGTTTTC 
* 1420 * 1440 * 14 
TTCAGTTTGTATGCCACCATAAGCCACATCAAGCCTGACCAGAACATGTGGTAC 1443 
TTCAGTCTGTACGCCATCATAAGCCACATCAAGCCTGATCAGAATATGTGGTAC 1458 
TTCAGT TGTA GCCA CATAAGCCACATCAAGCCTGA CAGAA ATGTGGTAC 
60 * 1480 * 1500 
CGTGCTTGCAAGACCTGCAACAAGAAGGTGACTGAAACTTTTGGATCTGGATAC 1497 
CGTGCTTGCACGACCTGTAACAAGAAGGTGACTGAAGCTTTTGGGTCTGGATAC 1512 
CGTGCTTGCA GACCTG AACAAGAAGGTGACTGAA CTTTTGG TCTGGATAC 
1520 * 1540 * 1560 
TGGTGCGAGGGATGCCAAAAGAATGACTCGGAATGCTCACTGAGATACATCATG 1551 
TGGTGCGAGGGGTGCCAAAAGAATGACTCTGAGTGCTCGCTGAGGTACATCATG 1566 
TGGTGCGAGGG TGCCAAAAGAATGACTC GA TGCTC CTGAG TACATCATG 
* 1580 * 1600 * 1620 
GTCATCAAGGTCTCCGATCCTACTGGCGAGGCATGGTTCTCTGTGTTCAACGAG 1605 
GTGATCAAGCTCTCCGATCCCACTGGTGAGGCTTGGGTGTCCGTGTTCAACGAG 1620 












Figure 3.1 (continued) 




1680 * 1700 * 1720 
GAGGAGGGGGACGACAGTTATGTTCTGAAGCTCAAGGAAGCCACCTGGGTTCCT 
GAGGAGGGGGACGACAGCTACGTTCTCAAGCTCAAGGAAGCCACCTGGGTTCCT 
GAGGAGGGGGACGACAG TA GTTCT AAGCTCAAGGAAGCCACCTGGGTTCCT 
* 1740 * 1760 * 1780 
CACCTGTTCCGCGTCAGCGTCACACAGCATGAATACAATAACGAGAA.AAGGCAG 
CACCTGTTCCGCGTCAGCGTCACACAGCATGAATACATGAACGAGAAGAGGCAG 
CACCTGTTCCGCGTCAGCGTCACACAGCATGAATACA AACGAGAA AGGCAG 
* 1800 * 1820 
AGAATCACTGTGAGGAGTGAAGCGCCGGTCGAGCACGCAGCTGAATCCAAGTAC 
AGAATCACCGTGAGGGGTGAAGCACCGGTCGACTTCGCAGCTGAGTCCAAGTAC 
AGAATCAC GTGAGG GTGAAGC CCGGTCGA CGCAGCTGA TCCAAGTAC 
1840 * 1860 
CTGCTTGAACAGATAGCGAAGCTTACTGCT--- 1851 
TTGCTTGAAGAGATCGCGAAGCTCACCGCTTGC 1869 









* 20 * 40 
ZmRPA2H GTGACCGGGAAGATGATGCCGTTGAGCCAAACCGACTTCTCGCCGTCGCAGTTCACCT 58 
60 * 80 * 100 
ZmRPA2H CCTCCCAGAATGCCGCCGCCGACTCCACCACGCCTTCCAAGATGCGCGGCGCGTCCAG 116 
120 * 140 * 160 
ZmRPA2H CACCATGCCGCTCACCGTGAAGCAGGTCGTCGACGCGCAGCAGTCTGGCACGGGCGAC 174 
180 * 200 * 220 
ZmRPA2H AAGGGCGCTCCGTTCATCGTCAATGGCGTCGAGATGGCTAACATTCGACTTGTGGGGA 232 
240 * 260 * 280 
ZmRPA2H TGGTCAATGCCAAGGTGGAGCGGACGACCGATGTGACCTTCACGCTCGACGATGGCAC 290 
300 * 320 * 340 
ZmRPA2H CGGCCGCCTCGATTTCATCAGATGGGTGAATGATGCTTCAGATTCTTTTGAAACTGCT 348 
* 360 * 380 * 400 
ZmRPA2H GCTATTCAGAATGGTATGTACATTGCGGTCATTGGAAGCCTCAAGGGACTGCAAGAGA 406 
* 420 * 440 * 460 
ZmRPA2H GGAAGCGTGCTACTGCTTTCTCAATCAGGCCTATAACCGATTTCAATGAGGTTACGCT 464 
* 480 * 500 * 520 
ZmRPA2H GCATTTCATTCAGTGTGTTCGGATGCATATAGAGAACATTGAATTAAAGGCTGGCAGT 522 
* 540 * 560 * 580 
ZmRPA2H CTTCCAAAAGAATAAGTTCTTTTATTGGGAAGTGGTCATTTCTCAAATGGATTCAGTG 58C 
* 600 * 620 * 6 
ZmRPA2H AATCAAGCACACCGACATCTTTGAAATCCAGTCCCGCACCGGTGACCAGCGGGTCATC 63f 
40 * 660 * 680 
ZmRPA2H CGATACTGATCTGCACACGCAGGTCCTGAATTTTTTTAATGAACCAGCGAACCTCGAG 696 
700 * 720 * 740 
ZmRPA2H : AGTGAGCATGGGGTGCACGTTGATGAAGTACTCAAGCGGTTCAAACTTTTGCCGAAGA 75~ 
760 * 780 * 800 
ZmRPA2H AGCAGATCACGGATGCTATTGATTACAATATGGACTCGGGGCGTCTTTACTCAACAAT 812 
820 
ZmRPA2H TGATGAATTCCACTACAAGGCAACT 837 
Figure 3.2 Nucleotide sequence for cDNA encoding maize RPA2 homologue. 
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ZmRPAl and ZmRPA2 homologues are expressed in different maize tissues 
Using the cloned RPA ESTs as probes, northern blots analysis was performed to 
determine the expression profile of the maize RPA homologues. Since the two homologues 
of RPA 1 are over 93 % identical, the ZmRPA 1 H 1 cDNA was used as a template for all 
experiments. RNA was extracted from maize root, tassel and ear tissues and subjected to 
Northern blotting. The presence of RPA messages was detected using a radio labeled probe 
(Figure 3.3). Actin was used as a control for loading of RNA. There is no detectable level 
of the message for ZmRPAl or ZmRPA2 in mature leaf. This is expected since this tissue is 
not actively undergoing DNA replication. Extracted RNA from actively growing tissues, 
such as root, tassel and ear show significant levels of message for both RPA subunits. A 
careful analysis of the blot further reveals that ear tissue has the highest level of RPA 
expression, followed by root, and tassel. RPA has also been shown to be in high levels of 
animal macrospores. This is expected since it is directly involved in DNA replication, but 
also in genome maintenance during egg development (16, 26}. 
Figure 3.3 Northern analysis of RNA from various maize tissues (1. callus, 2. mature leaf, 3. 
root, 4. tassel, 5. ear). A Northern blot of maize tissues probed with ZmRPAI. B Northern 
Blot of maize tissues probed with ZmRPA2. C Tissue blot first probed with ZmRPA 1 H, then 
with actin control. D Tissue blot first probed with ZmRRPA2H, then with actin control. 
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Maize RPA homologues contain conserved functional domains 
In-silieo analysis of the maize RPA homologues was performed to determine the the 
molecular weight and pI were calculated for each deduced polypeptide (Table 3.4). 
Alignment of maize RPA 1 H 1, and RPA 1 H2 showed a 93 % identity with each other (Figure 
3.4). The deduced amino acid sequence for each was also subjected to a BLAST search. The 
rice RPA sequences showed highest homology for each of the maize homologues. A 
conserved domain search for the same sequences was also carried out using the Conserved 
Domain database. This analysis showed strong homology with the N-terminal basic cleft of 
RPA 1 in humans for maize RPA 1 H 1 and RPA 1 H2 polypeptide sequences. The same search 
identified similarity in the C-terminal linker of human RPA 1 and the maize RPA 1 
homologues. when the domain analysis was performed using the maize RPA2 homologue, 
strong sequence conservation was found with the tRNA anti UB-fold nucleic acid binding 
domain (Table 3.4). This domain is found in human RPA, DNA polymerises, as well as 
anti-codon binding domain of lysyl, aspartyl, and asparaginyl -tRNA synthetases. 
Table 3.4 Theoretical molecular weight, pI and conserved domains search for each 
homologue of RPA in maize. 
Gene AA MW pI Conserved Domains Search 
ZmRPAI H 1 623 68655.07 
ZmRPA l H2 617 67981.45 
5.5 7 N-Terminus RPA 1 Human 
Flexible C-Terminal Linker 
6.2 8 N-Terminus RPA 1 Human 
Flexible C-Terminal Linker 
Basic Cleft and 
Basic Cleft and 
ZmRPA2H 277 30145.8 S . 70 tRNA anti, OB-fold nucleic 
domain, RPA2 
acid binding 
Additional conserved regions of sequence were uncovered after further analysis by alignment 
of maize RPA 1 H 1 and RPA 1 H2 with the RPA 1 from other species. Three major domains 
found in RPA 1 of other species showed significant alignments with the maize RPA 1 
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homologues (6). Two of these domains are the DBD-A and DBD-B DNA binding domains 
(Figures 3.5 and 3.6). The DBD-A showed more conservation than DBD-B. It is also 
interesting to note the presence of six extra amino acids in the DBD-B only in the plant 
homologues of RPA1. Further analysis of these conserved regions of maize RPA1 showed 
the conservation of aromatic amino acids believed by Brill et al to essential in the binding of 
ssDNA (6). The third conserved domain present in maize RPA 1 H 1 and RPA1 H2 is a zinc 
finger located near the C-terminus (Figure 3.7). The motif present in RPAI of other species 
follows the consensus of CxxxxCx(13)C~C. However, the motif present in the maize RPA1 
homologues show a pattern of CxxCx(13)C~C. This nontraditional zinc finger motif also 
appears in the RPA 1 sequence of rice. At this time it is unclear what functional significance 
this difference might have on plant RPA1 function. When the predicted size of our maize 
homologues is taken together with the placement and nature of these structural features, we 
can start to conclude the isolation of cDNAs encoding RPA 1 from maize. 
Maize RPA homologues complement yeast RFA function 
The presence of RPA is required for viability in yeast. Mutations in the RFA1 
subunit show marked changes in the phenotype of S. cerevisiae. Among these are decreased 
sporulation efficiency, and viability (25). Yeast genetic complementation has been used to 
isolate mammalian counterparts for lethal yeast mutant strains (34). Using the available 
yeast deletion strain database we were able to obtain deletion mutants for RFA1, and RFA2, 
the S. cerevisiae homologues of RPA1 and RPA2 respectively. Using our constructed yeast 
complementation plasmids and RFA" strains we performed the complementation analysis 
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24G * 260 * 
ZmRPA1H1 G K S G E C ELT ED T QATMFNEAAKK 240 
ZmRPA1H2 G K S G E C ELT ED T QATMFNDAAKK 235 
Rice RPA1H G I K S G T K E C ELT VD T QATMFNEAAKK 247 
Human_RPA1 T SK C SQ S S E S EL ES - RATAFNEQVDK 244 
Mouse_RPA1 T S C SQ S S E S EL ES - RATAFNEQVDK 253 
Drosophila S N K S SG S E S DL ES - RATAFKEQCDK 226 
Xenopus_RP SK T R GQ S S E S EM ES - RATAFNEQADK 235 
ScRPA1H1 S N T K GE H Q D NFL TS - RATAFNDFATK 244 
SpRPA1H1 S NK T R SE H H Q E S LL ES - RATGFNDQVDA 239 
PYQ W RV K N RG G F D G I AT F 
280 * 300 * 320 
ZmRPAlH1 YP F LGK GS RI K KT KN SLNENAI EEAEG--ETFLPP 293 
ZmRPA1H2 YP F LGK GS RI N K QN SLNENAI EEAEG--ETCIPQ 288 
Rice RPA1H YP F LG I GS R K KT HND TLNENA EEAEG--ETFIPQ 300 
Human_RPA1 FP I VNK F GT KI NK T KND TFNNETS MPCED--DHHLPT 297 
Mouse_RPA1 FP I VNK F G KI K S KND TFNNETS LPCED--GHHLPT 306 
Drosophila YD I VDS I CQ KP K SS NN TFSGET QLCEDTDDDPIPE 281 
Xenopus_RP FS I VNK F G KI K TS KN TFNSETS IPCDD--SADVPM 288 
ScRPA1H1 NE L EGK A QP KP T THP NLDRDT EECFD--ESNVPK 297 
SpRPAlH1 YD L EGS I C NI KK T QNE MFERDTE RKAED--QTAVPV 292 
F 
_ 
VYY S A Q YE ~ P 
Figure 3.5 Alignment of the RPA1 DNA binding domain A (DBD-A) from various species 
with maize RPA 1 H l and RPA 1 H2. Conserved amino acid residues are shown in red. 
340 360 * 380 
ZmRPA1H1 VQ NLVK DQ GPYVGGREL I VQSVSPTLSVRR IDNETIPKRDIVVADD 348 
LmRPAlH2 ~VQ NLVK DQ GSYVGGREL I VQSVSPTLSVRR IDNETIPKRDIVVADD 343 
Rice RPA1H IQ NFVK DQ GPYVGGREL V VQSVSPTLSVRR IDNETIPKRDIVVADD 355 
Human_RPA1 VQ DFTG DD ENKSK-DSL I CKSYEDATKITV SNNREVAKRNIYLMDT 351 
Mouse_RPA1 VQ DFTG GD ESKAK-DAL I CKSYEDSIKITV SNNREVAKRNIYLMDM 360 
Drosophila IK NLVP SD SGMEN-KAA T CKEVGELQSFVA TTNKEFKKRDITLVDM : 335 
Xenopus_RP VQ EFVS GE ESKNK-DT I CKNTJEEVTKVTI SN~NREVSKRSIHLMDS 342 
ScRPA1H1 TH NFIK D QNQE-VNS V IQTINPHFELTS AG-KKFDRRDITIVDD 350 
SpRPA1H1 AK SFVS QE GDVAK-DAV V LQNVGPVQQITS ATSRGFDKRDITIVDQ 346 
D G R I D 
* 40G 420 * 440 
ZmRPA1H1 GKT TIS NDL TTTGQELLDMVDSSP VAI SL SD Q -V LSTIGRSTL 402 
ZmRPA1H2 GKT SIS NDL TTTGQELLDMADSSP VAI SL SD Q -V LSTVGKSTL 3 97 
Rice RPA1H SKT TIS NDL TTTGQELLDMVDSAP IAI SL SD Q -L LSTVGRSTI 4G9 
Human RPA1 GK TAT GED DKFDGSRQ P LAI GA SD G -R LSVLSSSTI 399 
Mouse_RPA1 GK TTT GED DKFDGSRQ P MAI G• SD G -R LSVLSSSTV 408 
Drosophila NS SLT GDD VNFDGHVQ P IL GT NE GK LSLGGGSIM 3 84 
Xenopus_RP GKV STT GED DKFDGSRQ P VAI G` SD G -R LSVLSSSTV 390 
ScRPA1H1 GFS SVG NQQ LDFNLPEG S AAI GV TD G -K LSMGFSSTL 398 
SpRPA1_H1 GYE RVT GKT IEFSVSEE S LAF GV ND Q -R LSMLTSSTM 394 
LW A K F G SLS S  i 
Figure 3.6 Alignment of the RPA1 DNA binding domain B (DBD-B) from various species 
with maize RPA 1 H 1. and RPA 1 H2. Conserved amino acid residues are shown in red. 
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our ZmRPA 1 H 1 cDNA construct allowed us to isolate three viable spores in the presence of 
G418 during tetrad analysis, two of which are from the same tetrad (Figure 3.8). Although 
these spores were viable, their growth was severely retarded compared to wild type strains. 
When the same strain was complemented using the ZmRPA 1 H2 cDNA construct, we were 
able to isolate only one viable spore (Figure 3.8}. Growth of this spore was slow, similar to 
what is observed with the ZmRPA 1 H 1 construct. Two viable spores were isolated from one 
tetrad when analysis was done on the RFA2" strain transformed with ZmRPA2H construct 
(Figure 3.8). Like the RFAI "complemented strains these spores also exhibited slow growth. 
To confirm the identity of the complementing cDNAs, plasmid rescue and sequencing 
analysis was performed. Sequence analysis confirmed that the viable strains contained the 
maize RPA cDNAs. This clearly indicates that maize RPA 1 H 1, RPA 1 H2, and RPA2 have 
similar functions to yeast RFA 1 and RFA2. 
Table 3.5 Yeast tetrad analysis for RFA- strains complemented with our maize RPA cDNAs. 
Tetrads were separated on YPD media and allowed to grow to test for spore germination. 
Once germinated, the viable spores were transferred to media containing G418 to select the 
RFA- spores that show complementation. Not all viable spores were isolated from the same 
tetrad and are indicated by the number of unique tetrads viable spores were isolated from. 
Germinated spores showing resistance to G418 were grown for further analysis (Figure 3.8). 
Strain Maize cDNA Tetrads Viable Spores 
ID Analyzed YPD YPD + G418 Unique Tetrads 
RFA1" ZmRPA1H1 10 23 3 2 
RFA ~ " ZmRPA 1 H2 10 21 1 1 
RFA1 " - 10 20 0 
.RPA2" ZmRPA2H 10 22 2 1 
RFA2" - 10 21 0 - 
51 
Yeast 2-hybrid screen shows interaction between maize RPA1 and RPA2 
Yeast two hybrid vectors were constructed to test for interaction between the maize 
RPA subunits. The homologues of RPA 1 were cloned into the binding domain vector, while 
the homologue of RPA2 was cloned into the activation domain vector. Co-transformations 
were performed into yeast YRG cells so each maize homologue of RPA 1 was paired with 
maize RPA2. For controls the maize RPA 1 homologues were co-transformed with an empty 
activation domain vector (Table 3.6). Since the ISIS reporter is leaky and can show false 
positives, transformants were grown on plates containing varying levels of 3AT, an inhibitor 
of the his gene product. At all levels of 3AT tested, maize RPA 1 H 1 was able to show 
interaction with maize RPA2 (Figure 3.9). At the same levels of 3AT the maize RPA 1 H 1 
showed no interaction with the empty vector. The exception is at the OmM 3AT level, which 
was probably due to the leaky expression of HIS reporter. Tested transformants of maize 
RPA 1 H2 with ZmRPA2H showed interaction only at low levels of 3AT (Figure 3.9). The 
difference in the interaction of the two maize RPA 1 homologues may be attributed to the 
differences between the two proteins (Figure 3.5). 
Table 3.6 Co-transformation mixtures for maize RPA yeast 2-hybrid experiments. 
Vector Transformation Reaction 1 2 3 4 5 6 
pGBKT7 + + _ _ _ _ 
pGBKT7-ZmRPAlHI - - + + _ _ 
pGBKT7-ZmRPA 1 H2 - - - - + + 
pGADT7 + _ + _ + _ 
pGADT7ZmRPA2H - + - + - + 
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Expression of maize RPA homologues in E. coli 
Our initial efforts centered on expression of ZmRPA1H2 and ZmRPA2H GST fusions 
in E. coli BL21 cells. Optimization of expression of recombinant protein of interest was 
done by varying the concentration of (Figures 3.10 and 3.11). In both cases proteins of the 
expected size (94 kDa and 56 kDa for GST-ZmRPA1H2 and GST-ZmRPA2H respectively) 
were produced during expression and detected during SDS-PAGE. It was also noted for both 
recombinant fusion proteins that as the inducer concentration was increased, the amount of 
recombinant protein increased. Similarly, varying temperatures and induction times were 
tested to obtain recombinant protein in the soluble fraction (Table 3.7 and 3.8). After o was 
complete, the fusion proteins could still not be recovered in the soluble fraction. This 
observation might be due to the toxic nature of these proteins caused by their affinity for 
ssDNA, thereby forcing the bacteria to defend themselves by inclusion body formation. 
Purification of recombinant maize RPA homologues from inclusion bodies 
Since we could not produce the proteins in soluble form proteins in any noticeable 
amount, purification was attempted from inclusion bodies. After vigorous washing of the 
inclusion bodies with detergent containing buffer (BPER), we were able to purify the 
recombinant fusion protein for both GST-ZmRPA1H2 and GST-ZmRPA2H to near 
homogeneity. After PreScission protease treatment of the washed inclusion bodies it was 
found that the GST tag was removed from the recombinant proteins (Figure 3.12). Using this 
technique tag-free recombinant maize RPAlH2 and RPA2H could be produced. However, 
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MR C 0.015 0.05 0.1 0.2 0.3 0.4 0.5 O.b 
Figure 3.10 Expression of recombinant GST-ZmRPA 1 H2 in BL21 ~. col i over varying 
concentrations of IPTG inducer. The "C" lane is the uninduced E. col i control with no 
inducer, followed by increasing concentrations of IPTG inducer to the left. The fusion 
protein band is indicated by the arrow on the right. 
MR C 0.0150.05 0.1 0.2 0.3 0.4 0.5 0.6 
Figure 3.11 Expression of recombinant GST-ZmRPA2H in BL21 E. col i over varying 
concentrations of IPTG inducer. The "C" lane is the uninduced E. col i control with no 
inducer, followed by increasing concentrations of IPTG inducer to the left. The fusion 
protein band is indicated by the arrow on the right. 
Table 3.7 Expression optimization results for recombinant GST-ZmRPAl H2 in E. coli BL21 
cells. Cells were induced for varying times, temperatures and concentrations of IPTG. To 
obtain the recombinant protein different techniques were used for cell disruption. The 
presence of the fusion protein was then determined by SDS-PAGE 
Growth Conditions Solubilizing Soluble Inclusion Technique Fraction Body 
12 Hr. 37°C 0.015-.6mM IPTG BPER - + 
12 Hr. 37°C 0.015-.6mM IPTG Sonication - + 
4 Hr. 37°C 0.015-.6mM IPTG BPER - + 
4 Hr. 37°C 0.015-.6mM IPTG Sonication - + 
12 Hr. 30°C 0.015-.6mM IPTG BPER - + 
12 Hr. 30°C 0.015-.6mM IPTG Sonication - + 
4 Hr. 30°C 0.015-.6rr~1VI IPTG BPER - + 
4 Hr. 30°C 0.015-.6mM IPTG Sonication - + 
12 Hr. 16°C 0.015-.6mM IPTG BPER - + 
4 Hr. 16°C 0.015-.6mM IPTG BPER - + 
56 
Table 3.8 Expression optimization results for recombinant GST-ZmRPA2H in E. coli BL21 
cells. Cells were induced for varying times, temperatures and concentrations of IPTG. To 
obtain the recombinant protein different techniques were used for cell disruption. The 
presence of the fusion protein was then determined by SDS-PAGE 
Growth Conditions Solubilizing Soluble Inclusion Technique Fraction Body 
12 Hr. 37°C 0.015-.6mM IPTG BPER 
12 Hr. 37°C 0.015-.6mM IPTG Sonication 
4 Hr. 37°C 0.01 S-.6mM IPTG BPER 
4 Hr. 37°C 0.015-.6mM IPTG Sonication 
12 Hr. 30°C 0.015-.6rr~1VI IPTG BPER 
12 Hr. 30°C 0.015-.6mM IPTG Sonication 
4 Hr. 30°C 0.015-.6mM IPTG BPER 
4 Hr. 30°C 0.015-.6mM IPTG Sonication 
12 Hr. 16°C 0.015-.6mM IPTG BPER 
4 Hr. 16°C 0.015-.6nriM IPTG BPER 
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Figure 3.12 PreScission Protease Cleavage of Recombinant GST-RPA fusions purified from 
inclusion bodies. Inclusion bodies were washed and treated with PreScission protease. To 
separate soluble and pellet fractions the reaction mixture was centrifuged and separated. 
Analysis of the fractions was done using SDS-PAGE. Cleavage of the inclusion body with 
the synthetic protease allowed for the GST tag to be recovered in the soluble fraction. All of 
the recombinantly produced maize RPA 1 H2 and RPA2 remained in the insoluble pellet. 
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MALDI-MS and protein sequencing 
Identification of the recombinantly produced proteins was performed as follows: The 
excised gel bands from PreScission protease treatment of recombinantly produced GST 
maize RPA fusions were submitted for tryptic digestion followed by MALDI-MS and 
peptide sequencing at the W.M. Keck Facility of Yale University. Comparison of expected 
and observed peptide masses for each protein is shown in Table 3.9. Clearly, several close 
matches were found for recombinant maize RPA 1 H2 and RPA2H. 
Table 3.9 MALDI-MS peptide analysis of recombinant maize RPA proteins. Theoretical 
trypsin digestions were done of the deduce amino acid sequence for the maize RPA 
homologues to determine the possible masses from MALDI-MS analysis. Obtained MALDI-
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4 3 ZmRPA2H 
the tryptic digests were separated by preparative HPLC and fragments were subjected to 
Edman sequencing. Amino acid sequences thus obtained were compared to the NCBI 
database using BLAST. Sequences from both recombinant proteins matched rice RPA. 
Furthermore, sequenced peptide fragments from recombinant RPA1H2 aligned with the 
deduced sequence of maize RPA1H2 (Figure 3.13). Two of the sequenced fragments were 
from areas differing between maize RPA 1 H 1 and RPA 1 H2. Thus conclusively showing we 
had indeed expressed and purified recombinant maize RPA1H2. Similarly identified 
recombinantly produced maize RPA2 homologue also aligned with the deduced RPA2 
sequence (Figure 3.14). Taken together, the MALDI-MS analysis and peptide fragment 
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sequencing conclusively prove production and purification of recombinant maize RPA 
homologues. Therefore, these recombinantly produced maize RPA1H2 and RPA2H protein 
samples were used for antibody generation. 
Expression of maize RPA homologues in P. pastoris 
In an attempt to recombinantly produce the maize RPA homologues in a soluble and 
biologically active form, expression of these proteins using P. pastoris was attempted. This 
system was chosen for its ability to produce the RPA homologues with posttranslational 
modifications, and ease of purification using the GST tag and a secretion factor. Several 
tests were performed to elicit expression of the recombinant GST-RPA homologues from the 
P. pastoris cell lines and expression analyzed by western blots using commercially available 
anti-GST antibody. Figure 3.15 shows representative data. of one such induction experiment. 
Some recombinant protein appears to have been produced in the GST-ZmRPA2H cultures. 
This protein does not appear to be of the expected size (~56 kDa) of the fusion protein. 
Moreover, the presence of multiple bands indicates proteolytic degradation of the expressed 
protein (Figure 3.15A). Expression of both maize RPA1 homologoues could not be detected 
under these conditions (Figure 3.15B). 
Purification of maize RPA homologues by column chromatography 
Because RPA is a nuclear protein, we focused our initial purification efforts on 
isolating nuclei from maize callus tissue (2) (Figure 3.16). Crude nuclear extracts were 
fractionated using aheparin-sepharose column as described under Materials and Methods. 
This purification step generated two major fractions, HA 1 and HA2. The HA 1 and HA2 
fractions were further purified into two fractions, DC 1 and DC2, using ssDNA cellulose 
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GST-ZmRPAlH2 GST-ZmRPA1H2
Mkl 2 345 12395 
Figure 3.15 Western blot analysis of culture media from induced cultures of P. pastoris. 
Blots were developed using anti-GST antibodies and ELC detection kit. A. Recombinantly 
expressed maize RPA2 fusion. B. Recombinantly expressed maize RPA 1 H 1 and RPA 1 H2. 
chromatography. When HAl was purified by ssDNA cellulose chromatography we were 
able to detect several major proteins in the DC2 fraction. Analysis of the same fractions with 
western blot showed the presence of both maize RPA1 and RPA2 (Figures 3.17). This 
ssDNA purification allowed us to purify a truncated form of maize RPA1 (~54 kDa). This 
same truncated form of RPA is similar to what was observed during the initial purification of 
RPA from human cells (1). SDS-PAGE analysis of purified HA2 DC2 showed the presence 
of a ~36 kDa protein in the DC2 fraction. This protein band is also detected on western blot 
using the anti-ZmRPA2H antibody (Figure 3.18). The same DC2 fraction did not contain 
any detectable levels of maize RPA 1 by western blot using the anti-ZmRPA I H antibodies. 
The existence of free RPA2 in other organisms has also been identified, and is thought to be 
attributed to RPAs role in the control of the cell cycle (10, 36). In both purification methods 
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Figure 3.1b V~Testern blot analysis of purified maize whole cell nuclear extract proteins. 
Maize V~'hole cell nuclear protein extracts were analyzed by western blot with anti-ZmRPA 1 
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Figure 3.17 Purification. of maize RPA 1 and RPA? by ssDNA cellulose chromatography. 
Fractions were first analyzed by SDS-PAGE, pooled and subjected to western blot analysis. 
For western analysis the blot was cut in two. The upper section of the blot was probed with 
anti-ZmRPA 1 antibody, and the lower half with anti-ZmRPA2. The HA 1 and combined 
ssDNA cellulose fractions contained both maize RPA 1 and RPA2. 
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Figure 3.18 Purification of maize RPA2 by ssDNA cellulose chromatography. Fractions 
were first analyzed by SDS-PAGE, pooled and subjected to western blot analysis. The blot 
was probed with anti-ZmRPA2 antibody and showed that the combined ssDNA cellulose 
fractions contained maize RPA2. 
Maize RPA2 appears to be phosphOrylated 
Purification of maize RPA2 consistently yielded two proteins close in molecular 
weight that reacted with the anti-ZmRPA2 antibody (Figure 3.17 and 3.18). Such 
heterogeneity has been observed in purified RPA2 from other species, and has been shown to 
be attributed to differences in the phosphorylation of serine residues at the N-terminus of 
RPA2 (10, 11, 12). Analysis of the deduced amino acid sequence of maize RPA2 using the 
NetPhos phosphorylation prediction program showed several possible serine phosphorylation 
sites at the N-terminus of maize RPA2 (Figure 3.20). To test for the possibility that maize 
RPA2 might be phosphorylated we used western blotting with anti-ZmRPA2, and 
antiphospho-serine antibodies. Western blotting of the purified maize RPA2 protein with 
anti.-ZmRPA2 revealed the existence of two proteins of ~3 3 kDa and ~3 6 kDa (Figure 
3.19A). When the antiphospho-serine antibody was used on a similar western blot only the 
~36 kDa protein was detected (Figure 3.19B). These data indicate that maize RPA2 might 
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be phosphorylated at serine residues. The inability to detect the smaller protein with the 
antiphospho-serine antibody might illustrate differential phosphorylation of maize RPA2. 
This differential phosphorylation has been seen in yeast and mammalian systems (10, 11, 12, 
27). There is also the possibility this difference might be attributed to the degradation of 
maize RPA2 near the site of serine phosphorylation. 
2 5 ~ kD 
~4 kDa----
S O kDa-
Figure 3.19 Western Blot of purified maize RPA2 using anti-ZmRPA2H (A) and 
antiphospho-serine antibody (B). A similar protein band was detected by both antibodies 
indicated that maize RPA2 is phosphorylated at serine residues. 
Stimulation of maize L1NA ligase by purified maize RPA 
One of the likely biological functions of RPA is the stimulation of DNA ligase during 
DNA replication (37). We tested the purred maize RPA2 preparation for its ability to 
stimulate DNA ligase activity using two different assays. All eukaryotic DNA Iigases use 
ATP as an essential co-factor. During the initial "activation" step eukaryotic ligases form a 
covalent complex with ATP. This Adenylyl-Ligase is stable and can be detected using 








































































sensitive assay for the presence of any residual DNA ligase. Results shown in Figure 3.21 
clearly show the absence of DNA-ligase like activity in purified maize RPA preparations. 
Figure 3.21 Adenylylation assay for maize DNA Ligase and maize RPA preparations. To 
determine the presence of DNA ligase activity protein extracts were incubated Wlth 
radioactive ATP and run on SDS-PAGE. Covalently bound ATP was present in maize ligase 
and the HA 1 fraction. The RPA preparations were unable to bind ATP in at any detectable 
level. 
A different assay for DNA ligase, the oligonucleotide ligation assay, was used to test the 
effect of purified maize RPA2 preparation on maize DNA ligase activity. Maize DNA ligase 
previously purified by co-worl~ers in our laboratory was used in this assay. As Shown in 
Figure 3.22 DNA ligase activity is detected in the purred maize DNA ligase fractions, but 
is absent in the maize RPA preparations. This maize RPA preparation devoid of any 
detectable DNA ligase activity using two very sensitive assays was then tested for its ability 
to stimulate maize DNA ligase activity in-vitro. 
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Figure 3.22 Oligonucleotide ligation assay for various fractions from maize whole cell 
extract. BSA (1), maize DNA ligase (2) HAl and HA2 fractions (3 and 4) and purified RPA 
fractions were tested for their abilities to ligate an oligonucleotide substrate. The maize 
DNA ligase and HA fractions showed the presence of the ligated produce, while the BSA 
negative control and maize RPA fractions were unable ligate the oligonucleotide substrates. 
Oligonucleotide ligation reactions were setup as shown in Figure 3.23 by titrating maize 
DNA ligase with purified RPA, The results in Figure 3.23 show low but consistent 
stimulation of ligation upon addition of maize RPA to the maize DNA ligase reactions at all 
concentrations of ligase used in this experiment. The lack of a maj or stimulation of the 
maize DNA ligase can be for several possible reasons. During purification ethylene glycol 
was used to elute the proteins from the ssDNA cellulose, and may have damaged our RPA 
preparation. There is also the possibility that maize RPA requires the presence of other 
subunits or proteins to aggressively stimulate the maize DNA ligase. Modifications can also 
change the ability of RPA to carry out its functions (l o, 11, 12, 3 6). There is the possibility 
that either the maize DNA ligase, or RPA fraction might be controlled by modifications we 
are unable to detect. 
6~ 
- - - T4 2 - - - - - -
Ligase - 2 2 2 4 4 4 6 6 6 
RPA - - 5 10 - 5 10 - 5 10 
~kiil~, ~'~'~i~, ~ ,I 
Figure 3.23 Titration of maize ligase with purified maize RPA fraction. Varying levels (2, 4, 
or ~ µl) of maize DNA ligase were mixed with purred maize RPA fraction (o, 5, 10 ~.l) and 
tested far the level of ligated oligonucleotide product. T4 DNA. ligase was used as a control 
to test substrate integrity. A slight stimulation of DNA ligase activity was seen as the 




In eukaryotes, one of the proteins central to the processes of DNA replication, repair, 
and recombination is Replication Protein A. These functions of DNA metabolism are 
ubiquitous and are essential to an organism's survival. These processes have been conserved 
during evolution. Therefore, the presence of these mechanisms and the proteins involved 
therein plant species is not surprising. 
Observations 
The proprietary databases at Pioneer Hi-Bred International contained several ESTs 
that showed strong homology to Replication Protein A from other species. Full-length 
sequencing of these ESTs revealed the presence of open reading frames encoding 
polypeptides with similarity to the large (RPA1) and medium (RPA2) subunits of RPA. 
Thus, two different RPA1 homologues and one RPA2 homologue were discovered. Further 
analysis of the deduced polypeptide sequences revealed the presence of highly conserved 
functional in both maize RPA 1 homologues domains from other model organisms (2). The 
same also appeared to be true for RPA2. These isolated cDNAs also complemented the 
function of yeast RFA1- and RFA2- mutant strains. Studies using yeast 2-hybrid analysis 
showed strong interaction between maize RPA 1 H 1 and RPA2H. We were unable to detect 
any interaction between maize RPA1H2 and RPA2. Additional genetic and biochemical 
studies are needed to clarify if RPA2 interaction with RPA1 homologues is differentially 
regulated. 
Recombinant expression of the maize RPA homologues in E. coli resulted in good 
expression of the target proteins. However, all the protein was present in an insoluble forth. 
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We were able to purify the recombinant proteins from inclusion bodies. Sequence analysis 
by MALDI-MS and Edman sequencing confirmed that the recombinant proteins were indeed 
the maize RPA homologues. These purified recombinant proteins were used to generate 
antibodies. In an attempt to generate functional protein, expression using the P. pastoris 
system was attempted. Unfortunately the expression levels of recombinant proteins under 
the conditions tested were below detection using ELISA or western blot analysis. Further 
optimization of expression conditions in P. pasto~is or alternative systems such as 
baculovirus may prove useful in this respect. 
Once we had antibodies raised to our maize RPA homologues we could begin the 
purification of RPA from maize tissue. During our purification we found maize RPA2, with 
and without RPA 1, indicating the same RPA control mechanisms may be used by maize as 
other organisms. We consistently detected the presence of two proteins by western blot 
during purification of maize RPA2. To test if this difference might be due to N-terminal 
phosphorylation, in-sil ico analysis of the RPA2 N-terminus was performed. This analysis 
revealed the presence of possible serine phosphorylation sites similar to those seen in yeast 
and human RPA2 (10, 11,12). Using an anti-phosphoserine antibody we were able to show 
only the larger isolated maize RPA2 is phosphorylated. We used a DNA ligase assay to test 
the biochemical function of RPA preparations. This demonstrated that our purified maize 
RPA fraction lacked DNA ligase activity, but was able to stimulate maize DNA ligase 
function. The observed stimulation of DNA ligase function was low, (approximately 15-
17%) but consistent. This may be the result if inactivation of maize RPA2 during 
purification. Alternatively additional proteins may be involved in this reaction. Further 
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characterization of purred native RPA subunits will clarify the precise -role of P.PA in DNA 
~gatlon. 
What is the significance of multiple RPA1 homologues? 
One of the most important questions raised by this study relates to the existence of 
multiple RPA 1 homologues in maize. This is different from mammalian, Drosophila, and 
yeast systems where only one homologue has been identified for each RPA subunit (2). As 
mentioned earlier rice has been shown to contain two homologues of RPA 1, similar to what 
we report here for maize. A search of Arabidopsis EST database reveals the presence of four 
possible RPA 1 homologues. The biological significance for plants exhibiting this redundancy 
is unclear. It is quite likely that the presence of multiple homologues of RPA 1 in maize is 
due to polyploidy (3 8). Interestingly, as seen in the animal kingdom, we have detected the 
presence only one homologue of RPA2 in maize, and the same appears to be true for 
Arabidopsis and rice (34). Studies from mammalian and yeast systems have demonstrated 
that RPA2 interacts with many proteins during the various biological functions of RPA (8, 
16, 20, 23, 29). Thus, if this specialized function were responsible for giving rise to multiple 
forms of an RPA subunit, the medium subunit would be the logical candidate. But in fact 
that does not appear to be the case. we can therefore surmise two possibilities regarding the 
origin of plant RPA 1 homologues. The first is that each homologue has an exclusive 
function. For example, one homologue might be involved in replication, while the other 
assists in recombination. However, this argument has some constraints. First, the functions 
of RPA seem to overlap in other species where one homolog is present. For example, during 
some repair functions in animal systems RPA helps find damaged DNA, and also assists in 
replication to complete the DNA repair process (4, 18, 39). Second, the two forms of maize 
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RPA 1 have extensive homology in regions known to be involved in protein-protein 
interactions (2). This would suggest that the RPA 1 homologues interact with the same set of 
proteins, and therefore would have identical functions. Another possibility is that the RPA 1 
homologues might act as isozymes of each other, differing only in the expression patterns 
temporally and/or spatially. The two maize RPA proteins would have identical functions, but 
might change the kinetics of the reactions they are involved in. For example, if one maize 
RPA 1 homologue can stimulate DNA polymerase to a greater extent than the other, then this 
RPA 1 homologue might be more prevalent in proliferating tissues. This isozyme nature of 
proteins is seen in mammalian systems, where one form of an enzyme is preferentially 
expressed in various tissues during development, and can affect reaction kinetics (45). 
Further studies would elucidate the role of individual RPA homologues in plants. 
Regulation of maize RPA function 
Our observation that maize RPA2 appears to exist in free form, and in association 
with RPA 1 might give insights into the regulation of RPA function in maize. In yeast, when 
RFA is present in non-trimeric form, the cells are unable to proceed through the cell cycle 
(10, 3 6). An understanding of the interactions between RPA subunits may allow us to 
modulate RPA function. Our study has also clearly established that maize RPA2 is 
phosphorylated. Identification of the kinases involved in this process, and understanding 
their regulation, may lead to modulation of recombination in maize, as seen in other model 
organisms (11, 12). 
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The role of RPA in developing gene targeting technologies 
Qne of the important applications of maize RPA homologues is in the development of 
gene targeting technologies. Research has shown that plant enzymes are involved in the 
integration of T-DNA during Agrobacterium infection (40). It is generally accepted that 
gene targeting in plants cells, by all methods currently used, is severely limited by the non-
homologous end joining pathway, and low homologous recombination frequencies. Better 
understanding of these pathways of DNA metabolism would allow us to exploit them for 
improving this technology. Since RPA plays a role in both recombination, and repair, it 
becomes an ideal candidate as a discovery tool. This would allow us to discover other 
proteins in maize involved in the same processes as maize RPA, and in turn lead to the 
develop gene targeting technologies. Reagents developed during the course of this study 
(e.g. vectors, antibodies) would be very useful for such future endeavors. 
Future goals 
This research describes molecular characterization of maize RPA homologues. We 
have also been able to do some initial biochemical characterization of these proteins, but it is 
now necessary to study more in depth the functions of these maize proteins. These future 
studies would include: 
1. Investigation of the role of plant RPA 1 homologues. This could be accomplished 
by creating a homologous or heterologous expression system able to produce 
active RPA protein. This would allow for a direct comparison between the 
characteristics of the RPA 1 homologues. Another possibility could be the 
identification and/or creation of maize genetic stocks expressing only one 
homologue. 
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2. Studies to determine the role phosphorylation in regulation of maize RPA 
function. Site directed mutagenesis could be used to alter possible serine 
phosphorylation sites of RPA2. This could be done in conjunction with an in-
vitro phosphorylation assay. 
3 . Discovery of other proteins interacting with maize RPA 1 and RPA2. This would 
allow for the discovery of a maize RPA3 homologue, if it exists. Just as 
important however is the discovery of maize proteins involved in DNA 
replication, repair, and recombination. 
4. Development of new in-vitro assays such as DNA repair, or DNA replication to 
test maize RFA function. 
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OF THE HC~SO MUTANT 
INTRODUCTION 
Analysis of mutant phenotypes has proven to be a powerful tool in gaining an 
understanding of a plant's function on the biochemical level. Much has been learned about 
the structure and function of the photosynthetic apparatus by studying cyanobacteria and 
unicellular algae. Mutants in plant species like Arabidopsis thaliana and Tri~icum aestivum 
have been studied and added insight into photosynthetic structure and function in higher 
plants. Some of the most important mutants are photosynthetic mutants in the model 
organism Zea mays L. Mutants of particular interest from this organism are the high 
chlorophyll fluorescence, or hcf mutants. These seedling lethal mutants could possibly give 
insight to the function of electron transport in photosynthesis, the role of the nucleus in 
controlling the expression of chloroplast proteins and to the mechanisms of photoprotection. 
The high chlorophyll fluorescence lines first characterized by Miles and Daniels 
comprise most of the maize hcf lines (1). Numerous lines of hcf mutants exist, each with a 
different defect in electron transport. These defects keep the plant from processing all the 
absorbed light and so the excess energy is emitted in a characteristic rose-colored 
fluorescence when illuminated with along-wave lamp. Most of the lines have a light green 
appearance, however some have a normal green appearance and mutants can only be scored 
with confidence using the ultra-violet lamp. 
hcf lines can be broken down into different categories depending on where the lesion 
is located in the photosynthetic electron transport chain (2). First are Photosystem II 
mutants, which include hcf3, hcf 19, and hcf103. Defects in these mutants exist in the PSII 
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protein complex or mobile electron carriers from PSII. Other mutant hcf lines contain lesions 
in the PSI complex. Lines of interest include hcf44, hcf47 first characterized by Heck et al. 
(3). It is believed that the hcf44 mutation is caused by apost-transcriptional defect with the 
PsaC subunit of the PSI reaction center. The hcf47 mutant showed lower levels of several PSI 
and PSII complex proteins and functional activity along with the yellow appearance common 
to hcf lines. Researchers concluded that this may be do to a general defect in membrane 
biogenesis (3). 
Nuclear control of chloroplast biogenesis has become an area of interest, hcf38, hcf60 
and hcf106, have provided useful information. The mutant line hcf38 has been studied and 
shown to be missing the a and ~3 catalytic subunits of coupling factor 1 of the ATP-Synthase 
Complex. Mutant plants were shown to have less than 10% of wild type levels of these two 
proteins and it is believed that there is a defect in the nuclear encoded proteins of coupling 
factor 1 (CF1) or coupling factor 0 (CFo~ or do to a defective transcription regulatory pathway 
between the nucleus and chloroplast(4). The hcf60 mutant was characterized and the gene 
was cloned that causes the mutation. It was found that this gene has similarity to small 
subunit ribosomal protein 17 in bacteria, giving a clearer understanding of nuclear control of 
chloroplast translation (5). According to Settles et al. the hcf106 has a defect that lies in a 
nuclear gene that codes for a receptor involved in chloroplast protein import via the O-pH 
pathway (6). Experiments show that mutant chloroplasts failed to translocate similar 
amounts of proteins that are important to electron transport as compared to wild type. In 
contrast, the mutant chloroplasts were able to properly import other photosynthetic 
polypeptides suggesting that this mutation is specific to the O-pH pathway. 
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Many different organisms have been used to study light acclimation, and 
photoprotection in plants. A high light-inducible protein (HLIP) has been identified in 
Arabidopsis thaliana and is thought to be involved in the dissipation of excess light energy 
(7). Another family of proteins called early light-inducible proteins (ELIPs) also exist and 
are activated under light stress and are thought to function as pigment binders or assist in 
repair of PSII after photoinactivation (7). Studies on the algae Dunaliella bardawil have 
shown that the Cbr protein may be involved in non-photochemical quenching of excess light 
energy (8). 
The hcf~0 mutant is believed to have a loss of PSI complex activity (2), and lacking 
some of the smaller sized polypeptides associated with this complex (9). However the exact 
biochemical nature of this mutant has not been investigated. Light intensity has been shown 
to affect other hcf phenotypes (3) by increasing the severity of damage to the photosynthetic 
machinery and speeding up mutant death. Light intensity does not affect the hcf50 mutant to 
the degree that other hcf mutants are. So to fully investigate a mutant of this nature the light 
effects on the wild type and mutant seedlings must be looked at to gain a broader look at 
what kind of response a mutant with a defective PSI complex would give. Here we show the 
effects that four different light intensities have had on hcf50 mutant in order to characterize it 
on a complete biochemical level. 
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METHODS AND MATERIALS 
Isolation of Photosynthetic Membranes 
Mutants were originally generated by ethyl methanesulfonate (EMS) by M. G. 
Neuffer and later screened for hcf phenotypes (1). Wild type and mutant seedlings of hcf50 
were allowed to germinate and grow in four light intensities; super high (approximately 1200 
µmol m 2 s 'high (approximately 400 µmol m Zs"'), medium (approximately 200 µmol m 2s" 
1), and low (approximately 10 µmol m 2s ~) for 14 hour days at 30°C and 10 hour nights at 
25 °C. Conditions were controlled in a greenhouse and plants were watered daily to ensure 
adequate moisture. After 8 days the seedlings were screened using along-wave UV lamp to 
distinguish between the wild type and mutant seedlings. Once the plants were screened leaf 
tissue was harvested (approximately 1 g) from each wild type and mutant seedling. Tissue 
was then homogenized with a pestle and mortar using STN buffer (0.8 M sucrose, 10 rriM 
NaCI, 20 rr~1VI Tricine and 1 mg BSA per liter). Homogenized tissue was then filtered 
through 4 layers of Miracloth filter (Calbiochem, LaJolla, CA), the subsequent filtrate was 
then spun for 10 min at 200 x g to settle any unfiltered cellular debris. The supernatant was 
transferred to a fresh tube and centrifuged at 50,000 x g for 25 min to obtain the membrane 
pellet. The membrane pellet was resuspended in STN buffer without BSA and stored at - 
20°C. Chlorophyll concentrations of the membranes were determined in 80% (v/v) acetone 
using the method described by Hipkins and Baker (1986). 
Oxygen Uptake and Evolution 
Membrane homogenates from wild type and mutant seedlings grown under super 
high, high, medium and low light were tested using the DWI oxygen electrode and C)xy Rec 
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software version 1.11 (Hansatech Ltd., King's Lynn, UK). Oxygen evolution measurements 
were used to test the activity of the PSII complex that had a final reaction volume of 1 ml 
that contained 30 or 60µg of chlorophyll, 3rriM K3Fe(CN)6, 40 µM p-phenylenediamine and 
40r~~VI HEPES pH 7.0. Samples were then subjected to 2430 µmol m 2s-1 light at 27°C. 
Oxygen uptake measurements were used to test the activity of PSI complex for wild type and 
mutant seedling membrane homogenates. A reaction volume of 1 ml was used that contained 
2 or 4µg chlorophyll mixed with 2 rr~.M methyl viologen, 1 nriM 3,6-diaminodurene, 1 rr~1VI 
ascorbic acid, and 50 µM DCMU. Reactions were then exposed to 18,300 µmol m 2s-1 at 
27°C. Once the reactions were complete, rates for Oxygen uptake and evolution were 
obtained from the traces and converted to the amount of oxygen consumed or evolved per 
unit chlorophyll per hour. 
Western Blotting 
Samples of membrane homogenates from super high, high, medium, and low light 
seedlings containing equal amounts of chlorophyll were denatured with SDS and incubated 
for 1 hour at 37°C. Once incubation was complete, samples were loaded onto a 
polyacrylamide gel run at 4 W for 24 hours. Proteins from the gel were then transferred to 
PVDF membrane (Milipore, Bedford, MA) using the Hoefer Wet Blot Apparatus model TE 
SOX (Hoefer Scientific Instruments, San Francisco, CA}. Non-specific blocking was done 
using 5% evaporated milk in TBS solution (150rriM NaCI and lOrr~1VI Tris at pH 7.4) and 
allowing it to incubate for 30 minuets at room temperature. The membranes were then 
washed and allowed to agitate slowly with the primary antibody for 1 hour at room 
temperature. After washing the membrane with TBS for 5 minuets the secondary antibody 
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Goat Anti-Rabbit Ig(H+L)-HRP (Southern Biotechnology Associates Inc., Birmingham, AL) 
was allowed to attach at room temperature for 1 hour. The membrane was then treated with 
SuperSignal® West Pico chemiluminescent substrate (Pierce, Rockford, IL) for 3 minuets. 
Membranes were then covered in plastic wrap and placed in a cassette where they were 
exposed to film for 5, 7, and 10 minuets. Films were then developed using a film developer. 
77K fluorescence 
Samples of membrane homogenates containing 5µg chlorophyll from plants grown 
under each of the four light intensities were dark adapted for 30 minuets on ice. After dark 
adaptation glycerol was added with water to a final concentration of 60% in a 100 µl reaction 
volume just prior to testing. Samples were immediately frozen in liquid nitrogen and placed 
into the fluorometer. Fluorescence measurements were done using a SLM model 8000 
fluorometer (SLM, Almaco Urbana, IL) using an excitation wavelength of 435 nm and 
scanning emissions from 550 nm to 800 nm. From these traces the PSI:PSII ratio could be 
determined by using the values of fluorescence in arbitrary units at 730 nm and 695 nm 
respectfully. 
Growth experiments 
20 seeds for each light intensity were massed and given an identification number. 
Seeds were then planted to a depth of 3 cm in 4 inch pots containing potting soil. Upon 
reaching the first day of emergence plant height was measured and recorded with the 
corresponding identification number. Plants were measured for 13 days after which time the 
seed remains were removed and cleaned then dried to remove any excess water. Seeds were 
then massed to determine the changes that had occurred within each seed. 
Whole leaf protein extraction 
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Samples of plant leaf tissue were disrupted using liquid nitrogen and a pestle and 
mortar. Disrupted plant material was transferred to a 30 ml tube and the proteins were 
precipitated using 10 ml of 10% TCA along with 0.7% BME in acetone. The tubes were 
then placed on ice for 1 hr. with occasional shaking. After setting on ice for 1 hr. samples 
were then centrifuged at 4000 rpm and the supernatant was discarded. Pellets were then 
washed with 10 ml of 0.7% BME in acetone and allowing it to set on ice for one hour. After 
one hour the samples were centrifuged again at 4000 rpm and supernatant was discarded; 
washing was carried out 4 more times. Once washing was complete samples were dried 
using a vacuum. Proteins were resuspended in 1 ml of multiple choatope (7M Urea, 2M 
Thiourea, 2 mB TBP, 4% CHAPS, 40rr~IVI Tris and 0.001 % Orange G dye) and shaken to 
insure the proteins had been rehydrated. The samples were then centrifuged at 4000 rpm to 
settle insoluble debris. The supernatant was carefully removed and transferred to a fresh 
tube. The resulting pellet was washed again with 1 ml of multiple choatope solution and then 
combined with the first, the pellet was then discarded. To quantify the amount of protein in 
each sample a Bradford was used. 
2-D analysis of proteins 
Equal amounts of protein were loaded for mutant and wild type samples 
(approximately 1.2 mg) and run a 17 cm strip with a pH gradient of 4-7. Once samples had 
completed focusing strips were prepared for the second dimension by shaking them in an 
equilibration buffer (6M urea, 2% SDS, 0.4M Tris, 20% glycerol, 2.5% acrylamide 
monomer, and SrriM TBP) for 10 min. Strips were then placed on 18 by 22 cm 12-18% 
gradient polyacrylaxnide gels. Gels were run a 1 W for 2 hr at 10 degrees C, after which the 
wattage was increased to 180 W per gel for 9 hours. Gels were then stained in a colloidal 
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Coomassie solution (34% methanol, 17% Ammonium Sulfate, 3%Phosphoric Acid, and 0.15 
Coomassie G-250) for 2 days with minor shaking. Once staining was complete gels were 
destained in 1 %acetic acid for 1 day. Gels were then scanned using aBio-Rad Model 710 
Densitometer. Images were then analyzed using Melanie II Software (Bio-Rad) for protein 
spot detection, quantification, and gel alignment. 
MALDI-TOF identification of proteins 
Spots of interest were excised from gels and washed for 10 minuets with gel wash 
buffer for 3 times. Spots were then dried using a speedvac. To digest the proteins 10 µl of 
lOmg/ml Modified Trypsin was added to each spots and allowed to digest overnight. 
Digested proteins were removed from the spots using a peptide elution buffer (50% 
acetonitrile, and 0.5% TFA) along with ultrasonication for 10 minuets. 2µl of sample was 
mixed with 2µl of matrix (10 mg/ml alpha-hydroxy-cinnimic acid 50% acetonitrile, and 
0.5% TFA) and spotted to sample plate for spectra collection. To identify the peptide mass 




Total chlorophyll content of the mutants grown in all four light intensities showed a 
reduction as compared to wild type (Table I). Super high light mutants had a 53% reduction 
in total chlorophyll. High light grown plants were assayed and mutant seedlings were shown 
to have a ~0% decrease compared to wild type siblings. The medium light mutants showed a 
32% reduction when compared to wild type while the low light mutants showed a similar 
loss of 34%. Wild type plants from both the high and medium light had similar chlorophyll 
concentrations showing little change in total chlorophyll amount between these two light 
intensities. This was not the case with mutant seedlings of both light intensities; showing 
some affect of light on their total chlorophyll amount. Chlorophyll a: b ratios for mutant 
seedlings showed a similar decrease across all intensities (25%, 30%, 29%, 29% for super 
high, high, medium and low respectively). This would suggest that there were less reaction 
centers present in the mutant seedlings since chlorophyll a is associated with reaction centers. 
Oxygen Evolution and Uptake 
Membrane homogenates were used to test the ability of the mutant and wild type 
seedlings to pass electrons through the two photosystems. Assays were carried out using 
membrane homogenates from wild type and mutant seedlings under all 4 light intensities 
(See Table II). To test the electron flow through PSI the rate of oxygen consumed was 
measured. At all four intensities light intensities wild type and mutant seedlings consumed 
oxygen at a similar rate when compared on an equal chlorophyll basis. When converted to 
an equal tissue basis this is translated to a loss of PSI electron flow in mutant seedlings. To 
test the activity of PSII present in seedlings the rate of oxygen evolution was measured. At 
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low light intensities no difference could be seen in the abilities of mutant or wild type 
seedlings to evolve oxygen. At the medium light intensity a significant difference did exist 
in rates of oxygen evolution in mutant and wild type seedlings. This was also the case with 
plants grown at the high light intensity showing a reduction of 3 6 %. Wild type and mutant 
plants grown at the super high light intensity showed no significant difference in the rates of 
oxygen evolved. 
Table A.1 Chlorophyll concentrations and chlorophyll a to chlorophyll b ratios were 
measured in 80% acetone (v/v) along with the ratios of PSI:PSII for wild type and mutant 
seedlings grown in super high, high, medium, or low light conditions. Mutant seedling 
values were then expressed as percent of wild type for each light condition. Each value 
represents and n of 3 or 4 replicates. 
Conditions Total chlorophylls % Cont Chl a.•b ratiob % Cont 
Super 
wild type 1.42 ± 0.165 100 3.52 ± 0.047 100 
mutant 0.67 + 0.024 47 2.64 ± 0.045 75 
High 
wild type 1.76 + 0.062 100 3. $1 ± 0.026 100 
mutant 0.88 ± 0.023 50 2.67 ± 0.034 70 
Medium 
wild type 1.74 + 0.043 100 3.59 ± 0.065 100 
mutant 1.20 + 0.03 6 68 2.5 5 ± 0.049 71 
Low 
wild type 2.1 S ± 0.078 100 3.68 ± 0.03 $ 100 
mutant 1.41 ± 0.05 7 66 2.60 ± 0.025 71 
a µg/mg tissue b number of chlorophyll a molecules per 1 chlorophyll b molecule 
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77K fluorescence reveals a change in PSI:PSII ratio 
77K fluorescence was used to determine the ratio of PSI to PSII in mutant and wild 
type seedlings at all four light intensities (Figure A.2). No difference was seen between the 
ratios of PSI:PSII present in wild type and mutant seedlings at the low light intensity. At 
higher light intensities a difference was seen between the PSI:PSII ratios of wild type and 
mutant seedlings. This data also showed that as light intensity increased that the ratio of 
PSI:PSII decreased in wild type plants. Mutant seedlings did not show a change in ratio 
between the medium and high light intensity; however, there was a reduction when light was 
increased to the super high light intensity. 
Mutant chloroplasts lack photosynthetic proteins 
Western blotting was used to investigate the levels at which different parts of the 
photosynthetic apparatus were present in wild type and mutant seedlings (Figure A.3). The 
PsaAB core complex showed a reduction in the mutant seedlings when compared on an equal 
chlorophyll basis. The peripheral subunits of PsaC, PsaD and PsaF were missing or 
undetectable in the thylakoid membranes of wild type and mutant seedlings. To determine if 
there was any major disruption in the PSII reactions center wild type an mutant seedlings 
























































































d ~~~ ~~ 
~~~ ~, • 
• ~ • ~ ~ 














~ +I O 




~ o -- ~ wa ~ 
~ ~•~ ~ 
C  ^, ~ w~ ~ • 

















~ O O 





•® ti •■ o 
p O 
~ N 




































































































































O N O ~ 
O ~ 
+i O 
a~+~ -~:~ ~~~ 
a 
0 
o ~c ._~~ 











~ N O 
_ O O 
~ +1 O 
a ~ ++ 
~~~ 
a • •o w a~ 
o ~~ 
~~E 
, ~ • ~~ l i 
',v .~d
or 


















ne ui aouaosaaono~ 
a~ 
~• • , 
~ o, 
CC 
G ' ~ 
6 6 
~ . O 
~s• 
I 

























































  0 
c4 
O Q O O 
O 

































Figure A.2 Western analysis of membrane homogenates from wild type and hcf50 plants. 
Mutant seedlings show a normal growth pattern 
Growth experiments were carried out to determine the growth habits of wild type and 
mutant seedlings under each light intensity (Figure 5). Initially there appeared to be no 
difference in the growth habits between wild type and mutant seedlings within all four light 
intensities. However, it could be seen within each light intensity that as mutant seedlings 
used up seed reserves there was an eventual drop off in growth rate followed by plant death. 
Wild type seedlings also exhibited a drop in growth rate at approximately the same time the 
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mutant seedlings were beginning to die. This drop in growth rate was only transient, and did 
not drastically affect the seedling growth. Light intensity did show a minor influence on 
growth rate. Super high, and high light intensity mutants started to slow in growth at day 5, 
while mutants in medium and low light intensities showed the same signs a day later. 
Proteomic analysis of hcf50 
Proteomics allowed us to see if there are any differences in proteins being expressed, 
or in the levels of proteins present in wild type and mutant seedlings. Protein extracts from 
plants grown under high light conditions were subjected to two dimensional electrophoresis 
(Figure A.3). Several protein spots were identified, and shown to have significant 
differences between the wild type and hcfSO plants (Table 3). Two of these proteins were 
present higher levels in wild type plants. One was a subunit of the alpha subunit of ATPase. 
Another is a putative gibberellin-regulated protein. The reason for this difference is unclear, 
but might indicate a difference in growth habits of the hcf~0 mutant versus wild type plants. 
During this analysis only one spot was identified that was present in mutant, but not wild 
type plants. However, MALDI-TOF analysis and database searching of the protein databases 
yielded no identification for this protein. This is surprising, since the biochemistry of the 
mutant plants is severely altered one might expect to find other differences. Analysis of 
other, not yet unidentifiable proteins, reveals the extreme dynamic nature between the mutant 
and wild type phenotypes. Using the same densitometry analysis as the 22 selected spots in 
this study, we were able to show significant differences in about ten additional proteins. At 
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Chlorophyll content was effected in mutant plants 
Chlorophyll content, and the relative amounts of chlorophyll a and b were clearly 
effected in the mutant plants. The reduction was not as great as what has been shown in 
other hcf mutants (3). We can see that there is some light effect upon total chlorophyll 
content. As light is increased, the percentage difference between wild type and mutant 
seedlings increases. This would imply that the extra light energy that is bombarding the 
mutant is starting to cause some damage. There is a change in chlorophyll content of wild 
type and mutant seedlings in the jump from high to super high light intensities. A reduced 
chlorophyll a: b ratio in mutants at all light intensities would point to a change in the number 
of reaction centers present 
Ozygen uptake and evolution are affected in the hcf50 mutant 
Transport of electrons through the core of PSI is possible in mutant seedlings. Rates 
of oxygen uptake we shown to be similar between wild type and mutant seedlings on an 
equal chlorophyll basis meaning that the core complexes that are present in mutant tissues are 
functional in their ability to pass electrons. At low light there is little chance of 
photoinhibition or inactivation affecting PSII. A decrease in PSII activity for the high and 
medium light mutants can be observed and may suggest that damage is occurring to the PSII 
reaction centers in mutant seedlings at the medium and high light intensities. That serve of a 
difference is not seen between wild type and mutant plant in the super high light intensity. 
This maybe the case because light has also started to affect the wild type plants by damaging 
PSII. Photoinhibition has been shown to be enhanced in mutants that lack an oxidizing side 
of PSI (10) which could also be adding to the lack of PSII activity in this mutant. 
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The PSI:PSII ratio is different in mutant plants 
77K fluorescence showed that at the low light intensity the ratios of PSI:PSII are 
similar in wild type and mutant plants. This would mean that at the low light intensity there 
are near normal levels of chlorophyll associated with the PSI complex in mutant seedlings. 
As light intensity was increased the amount of viable PSI complex does not change, however 
the ratio begins to decrease as the amount of PSII increases, which is expected. The lack of a 
statistically significant change between mutant and wild type seedlings from medium to high 
intensity may imply that some type of photoprotection mechanism has been turned on to 
salvage the system. Or it could mean that there is little difference between the irradiance 
between these two light intensities. Super high light intensity mutants showed the greatest 
loss of the PSI peak. This would imply that major damage has occurred to the PSI reaction 
center. 
hcf50 plants are lacking photosynthetic polypeptides 
Western analysis showed results consistent with previous findings. The core subunits 
of PsaAB were present, however in a reduced amount. Miller (9) found several smaller 
peptides from PSI to be deficient or missing, which is in accordance with our findings for the 
peripheral subunits of PsaC, PsaD, and PsaF. The subunits of PsaC and PsaD are thought to 
be involved in binding of ferodoxin to the PSI complex. The PsaF has been pointed out as a 
possible docking site for plastocyanin and essential in photoprotection protection (10) ,and 
may assist in stabilizing the stromal subunits PsaC, PsaD and PsaE (11). 
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Growth rate is not changed in mutant plants 
Initial plant growth rates showed no difference between wild type and mutant 
seedlings at all four light intensities. Light did show some effect by slowing down plant 
growth rates at different times. Wild type plants showed a similar lapse in growth rate, but 
were not permanently damaged. This would suggest that mutant plants have the same 
potential for growth, and damage caused by light is not significant enough impede them from 
using up all their seed reserves before seedling death. 
Proteomic analysis reveals differences in protein levels 
Levels of expressed proteins were analyzed and their protein spots identified. 
Differences were found in several proteins in both the mutant and wild type seedlings. The 
lack of identification of these proteins makes it difficult to conclude their function. However, 
it is difficult to get a substantial picture of the mutant seeding protein profile due to their 
short life span, and damage to plant tissues. 
Conclusions 
We show here the biochemical characterization of the maize hcf50 mutant. Since 
their discovery the high chlorophyll fluorescence mutants have given insight into the 
biogenesis and function of the photosynthetic apparatus in higher plants (3). In the case of 
the hcf50 mutant it appears to be severely lacking PSI function. This is demonstrated by the 
absence or reduction of several key proteins in the PSI complex. Since this is not a tag 
mutant cloning of the hcf50 mutant gene would be a long and tedious task. However, this 
does not diminish the importance of studying this, and other mutants like it to gain a general 
understanding of photosynthesis in higher organisms. 
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